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FORMATION OF Eul45 IN SPALLATION OF TANTALUM 
- A.A.Bashilov, 0.V.Larionov, M.K.Nikitin & V.B. Smirnov 


The purpose of the present work was to investigate the formation of Eul45 
as a result of spallation of tantalum bombarded with 660 Mev protons in the Joint 
Institute for Nuclear Research Synchrocyclotron. The radioactive europium iso- 
topes forming in the reaction were investigated by observing the y-radiation. 

Six hours after bombardment the rare earths were first separated chemically 
from the tantalum target; then the individual rare earth elements were separated 
from the integral fraction. The europium fraction was subjected to chromatograph- 
ic purification, after which it was dissolved in 0.1 N HNO3 solution containing 
La3St as hold-back carrier to prevent adsorption. Appropriate aliquots were then 
taken and the europium and samarium activities were deposited on lanthanum hydrox- 
ide; the rare earth hydroxides were dissolved in 0.05 N HNO3, and the solution 
was passed through a chromatographic column (length 10 cm, diameter 2 mm, resin 
Dowex-50x-12, grain size 10-15 u). Finally, the europium and samarium were elut- 
ed with 0.3 M ammonium lactate (pH = 5.6). Chromatograms were recorded by means 
of a scintillation counter; clear separation of the europium and samarium peaks 
was obtained for all the aliquots (Fig.1). 

The y-radiation was investigated by means of an NaI scintillation counter 
with a resolution of 8% for the Cs!37 660 kev line. 

In the spectrum of the europium fraction we observed the known y-lines of 
Eul46 (Ref.1), Eut47 (Ref.2) and Eul49 (Ref.3). In addition, we detected y-rays 
of energies 0.89, 1.66, 1.86 
and 2.0 Mev (Fig.2). The N, ¢/min 
intensity of these new lines 
fell off with a period T = 
= 5.5 days. Even from a 
superficial examination 
of the tabular data on known 

»neutron-deficient europium 
isotopes it was apparent 
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Fig.3. Increase in the intensity 
of the 61 kev y-line of Sml45 
with time from the instant of 
separation of europium: I - 87 
hours, II - 110 hours, III - 
254 hours. 
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Fig.4. Increase in the integral 
y-radiation from Sm145; 1 - plot 
referred to the left-hand scale, 
2 - right hand scale. 


that the observed activity was due either to 
Eul45 or Eul44, A more definitive identifica- 
tion of this activity was made by studying 
the daughter products. First, we investigated 
the y-spectrum of europium samples held for 
~l year; these exhibited the characteristic 
spectrum of Sml45; x-rays and 61 kev y-rays. 
Chromatographic separation of Sm from the 
stored europium samples showed that the ob- 
served spectrum really belonged to samarium. 

Thus the observed europium activity with 
a half-life of 5.5 days could clearly be at- 
tributed to Eul45, To confirm this further 
we carried out the following experiment. Ali- 
quots of the europium fraction were subjected 
to chromatographic separation over a period 
of ~25 days. Drops corresponding to the Sm 
peak were carefully investigated; in order to 
minimize the experimental error we measured 
both the intensity of the characteristic y- 
line of Sm145, corresponding to each "peak" 
drop, and the integral y-line intensity, cor- 
responding to the entire peak. Curves charac- 
terizing the build-up in intensity of the 
Sm145 y-line are shown in Figs.3 and 4. Ana- 
lysis of the curves shows that the build-up 
in intensity is characterized by a period T = 
= 5.5 t 1 days. It may therefore be concluded 
that the observed europium activity is defi- 
nitely due to Eul45, 

This identification is in agreement with 
the data of Hoff et al* who report a half- 
life of 5 + 1 days for Eul45, 


We acknowledge our indebtedness to I.B.Stankevich for performing part of 
the chemical operations and V.B.Savichev for assistance in carrying out the 


measurements. 
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MAGNETIC GAMMA-SPECTROMETER WITH HIGH RESOLUTION 
- L.V.Groshev, A.M.Demidov, V.N.Lutsenko & A. F.Malov 


For several years we have employed a magnetic Compton spectrometer with a 
resolution of 2% for investigating the spectrum of thermal neutron capture 7- 
rays in the energy range from 0.3 to 12 Mev. These measurements yielded much 
new data on the y-rays from the (n,7) reaction!, but at the same time they BE 
ed that the resolution of our instrument was inadequate for complete separation 
of the spectrum into individual lines even in the case of light nuclei. In the 
case of heavy nuclei it was feasible to investigate only the general shape of 
the spectrum, since only an insignificant part of it could be obtained in the 
form of discrete y-lines. It became obvious that for more detalied investiga- 
tion of the y-spectra from the (n,y) reaction it was essential to have a spectro- 
meter with an appreciably higher resolution. 

Below we describe the new magnetic Compton spectrometer by means of which 
one can investigate y-ray spectra in the same energy interval with a resolution 
of 0.3% in the range above 2 Mev. At lower energies the resolution of the in- 
strument is poorer, but is still superior to that of the old spectrometer. 


Principle of the Spectrometer 


Fig.l shows a diagram of the experiment in which the new spectrometer is 
used for observing the spectrum of y-rays accompanying thermal neutron capture. 
The investigated sample is placed in the tangential channel of the IRT reactor2 
close to the active zone. The channel diameter is 150 mm; the diameter of the 
sample 110 mm. The y-ray beam is collimated by a series of lead and iron inserts, 
the neutrons being stopped by a 10 cm layer of paraffin loaded with B4C. The 
right-hand end of the channel is stoppered with a lead plug. At the location 
of the converter the dimensions of the beam are 45 x 65 mm; the divergence of the 
beam does not exceed 36'. 

The new instrument operates on the same principle as the old spectrometer, 
namely, energy analysis of the Compton electrons ejected from the large area con- 
verter in the direction of the incident y-rays. The main difference between the 
two instruments is the following. In the old spectrometer collection of the elec- 
trons and their subsequent energy analysis were realized by different parts of a 
single magnetic field. It can be shown that under these conditions with optimum 
dimensions of the spectrometer slits the momentum spread of the collected elec- 
trons is appreciably smaller than the momentum spread permissible on the basis 
of the final resolution of the analyzing section of the spectrometer. Consequent- 
ly, in this instrument the collecting and analyzing sections are poorly matched. 
If we could enhance the resolving power of the analyzing section of the spectro- 
meter without changing the collection section, we would improve the resolution 
with no sacrifice in the overall efficiency of the instrument. However, in an 
instrument with a single magnetic field one can obtain improvement of the reso- 
lution only by decreasing the width of the slits or by increasing the radius of 
the instrument, which leads to decrease of the angle of electron collection and 
thus reduces the luminosity of the instrument. Hence in the new instrument two 
different magnetic fields are utilized for collecting the electrons from the 
converter and for their energy analysis. This makes it possible to specify the 
most advantageous field configuration for each function. 

The new spectrometer is diagramed in Fig.2. The Compton electrons ejected 
from the converter within a small angle in the direction of the y-rays are col- 
lected in the axially symmetric magnetic field and directed first on the hori- 
zontal slit S} and then on the vertical slit So. We call this part of the spec- 
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Fig.1. Diagram of the experiment. K - converter. 


Separator 


Analyzer 


Analyzer Separator 


- Fig.2. Magnetic Compton spectrometer. Above - projection of the electron trajec- 
tories on the median plane of the instrument. Below - projection of the trajec- 

ie tories on the vertical plane passing through the optical axis of the instrument. 

K - converter; SS}, Sg & S3 - slits; Cy & Cg - Geiger-Muller counters. 


trometer the separator. The electrons passing through slit 2 enter the magnetic 


analyzer, which is essentially a J2 x focusing B-spectrometer. Geiger-Muller 


counters Cj and Cy with thin windows are located behind slits Sg and S3. In the 
- dllustrated experiment one measures the variation in the number of coincidences 
of pulses from counters Cj and Cp as a function of the analyzer field, as this 
is varied simultaneously with the separator field. 

For the separator we chose a field focusing the electrons in the radial di- 
rection at an angle of /5 x, and in the vertical direction at V5 2/2. Such focus- 
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ing is obtained with variation of the magnetic field over the radius according 
to the following law 


—r - (fr —To \2| 
H(r)= 4, ! — 0,80 =". +. 0.65 (=) |: (1) 

The central orbit radius r, = 150 mm. In the separator of the new instru- 
ment the electrons emitted from the converter are deflected in azimuth through 
an angle /5 1/2. The chosen field distribution has a number of advantages: it 
insures the maximum working height of the converter, provides for convenient com- 
bining of the two parts of the instrument, and gives rise to a horizontal focus, 
which makes it possible to regulate the vertical acceptance angle by the slit Sj, 
which substantially reduces the background load on the counter Cj. 

For the separator we chose a field giving double focusing and varying accord- 
ing to the law 


EMG =ath [1— ! é aly 5 : @ ay +a slit i (2) 


for R, = 600 mm. Choice of the factor 1/8 in the quadratic term was dictated by 
the consideration that the horizontal divergence of the electron beam in the ana- 
lyzer is appreciably greater than the vertical divergence. 


Electron Capture Angles 


Let us consider the case when the converter isotropically emits monoenergetic 
electrons. 

At every given field value H the spectrometer detects electrons emitted for- 
ward within a certain solid angle, which we shall call the “capture angle". To 
calculate the resolution and luminosity of the instrument one must know the de- 
pendence of the capture angle on the field and the initial electron coordinates. 

It is known that the equations describing the trajectory of an electron in 
an axially symmetric field falling off over the radius are in the first approxi- 
mation the equations for harmonic oscillation about a certain equilibrium radius 
‘eq and median plane z= 0. In cylindrical coordinates (r, 9, z) these equations 
are of the form 


Te Feq Tini—Teq T Po te) 

———_ = — ———_ 60s — wt Oe a gree (3) 
ie es 0, P+ my = = a Se Q, 

z= 25,0082 9+ Borin = sin (4) 

ini @,? BoTini SIND ¢, 

Fi 
where Lis 
os ee 

URE egg yew (5) 


pis the electron momentum, 7,,,, z;,;, %) and B) are, respectively, the coordinates 
and angles of the electron at the initial point. Applying these equations to the 
separator, we obtain the initial conditions for the analyzer. By means of analo- 
gous equations we can find the coordinates of the electron after deflection through 
the /2 x angle in the analyzer. 

For an electron ejected from the converter to pass through slit So of width 
d,its initial horizontal angle of emission a must lie between the limit angles 
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== d 
ae re Teg i es) 
rarVo | 
and 
ee eae —d/2 (6) 
lee = 
raiVd J 


Analogously, the limit angles for passage of the electron through slit S3 
of width d are 


2R o— 2Regq T= req + d/2 
2Ry— 2Reg i ho eg ale 


eq 
Tint V9 


Az = 


? 
and 


A, = 


In these formulas the upper case letters pertain to the analyzer radii; the 
lower case letters to the separator. To obtain the explicit relationship between 
the limit angles and the strength of the magnetic field one must establish the 

es 


R = 
relation between the relative change 6 = yj of the equilibrium radius and 
0 


the relative change A in the magnetic field at some point in the analyzer, for 

H =H 
example, at R = R, (the quantity A= align’ where H, is the field for which 
leg = R,). This Palation is given by the expressions 


LEM Ore Mie 7 A, (Ro) Ry 


and Roel (8) 
H (Req ) = H{Ry) (4 — ype 
z where Ais the coefficient in the expansion of the field shape in powers of 
R— Ro 
gion 
From the above equations we obtain 
aa As A—1 
eae? oe 1 ea (9) 
For small 6, Awzs8(A—1); 
for the analyzer A=0.5 and A, = — 0.56,, (10) 
for the separator 4=0.8 and A, = — 0.26,. 


; As noted above, the analyzer and separator magnetic fields are varied in 
- unison, hence 


Aa => Ag a= As (11) 
: 
Utilizing (10) and (11), we can rewrite (6) and (7) in the following form 


__ BAro + 4/2 


3 = ; 
ty Tint VO (12) 
3 __ (4Ro +570) A+ dja 


rintVO 


a3: 4 = 


enven ean ome SO 


Fig.3. Variation of 
the vertical capture 
angle with the rela- 
tive change in the 
magnetic field. 
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Fig.3 shows the variation of these angles with A 
for the case R, = 600 mm, 7ini = 7 = 150 mm and d = 4 mn. 
Thus the hatched area in Fig.3 gives the emission angles 
for which the electrons are detected by the spectrometer. 
At A= 0, the instrument utilizes the maximum angle inter- 
val 2a max = 0.012. This corresponds to the top of the 
peak. It will also be evident from Fig.3 that the width 
of the peak (width at half height) is 0.167%. We note 
that this is the effective value of the analyzer peak 
calculated without taking aberration into account, and 
is equal to d/4k,. 

The vertical capture angle does not depend on the 
strength of the magnetic field and is determined by the 
width ; of the slit Sj: 


(13) 


With h= 5 mm, Byomax = 0-015. 

It will be evident from (12) and (13) that the cap- 
ture angles are inversely proportional to 7,,;. Within 
the limits of the converter this gives a factor of two 
variation. of the solid capture angle Q = 2a max-2Bomax - 

In the above calculations we have neglected aberra- 
tions distorting the shape of the trajectories in the 
section between the separator and the analyzer and elec- 
tron scattering in the counter windows. 


Resolution of the Spectrometer 


In the spectrometer under consideration the line width for monochromatic 
y-rays is determined primarily by the following factors: 1) the geometry of the 
instrument, 2) the natural width of the Compton line, 3) the dependence of the 
Compton electron energy on the angle of emission and divergence of the y-ray beam, 
and 4) multiple scattering of electrons in the converter and the windows and gas 


of the first counter. 


Let us evaluate the contribution of each of these factors. 


1. The geometric peak width does not depend on the energy of the y-rays in 
the case when the converter is replaced by a source of monoenergetic electrons. 
The above calculation of the capture angles, which gave a value of d/4R, for the 
peak width, and direct experiments with Cs137 sources showed that the geometric 


part of the line width is determined wholly by the analyzer. 


In addition to the 


d/4Ry term, the expression for the peak width must include a term characterizing 
the diffusion of the line in the analyzer owing to aberration. 

In order to determine the aberration of the analyzer, we carried out a seri- 
es of measurements of the peak width for the 624 kev conversion electron line of 


sources of different widths were mounted in the position of slit 


Sg. By way of illustration in Fig.4 we reproduce the conversion electron spec- 
trum for the case when d, —d, = 1 mm, where d, and d, are the widths of the source 


and receiving slit, respectively. 


On the basis of the experimental data we ob- 


tained the following formula 


AHp _ d+ds -4 
Hp =) Sayer 10. (14) 


The constant term in this formula gives the smearing out of the line owing 


=_ 699) = 


to aberration.* 
Thus the total geometric line width for the spectrometer is 


(Ge Sa Dey 


Hp } eom 88 


For d, =d, = 4 mm, the geometric width equals 0.2%. 


N, counts/min 
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Fig.4. Spectrum of Bal37 internal conversion electrons obtained with the analyzer 
of the spectrometer. Source - 1 x 25 mm; slit - 1 x 50 mm; relative solid angle 
utilized - 0.2%. 


| 1,0 

: 2 «Fig.5. Natural shape of the 

| Compton electron line for a 

: 1 converter of polystyrene: 1 - 


for fv = 6.13 Mev, 2 - for 
hy = 1.02 Mev. 


2. The natural Compton 
line width, connected with elec- 
tron motion in the atom, makes 
a substantial contribution to 
the peak width in the range of 
ie 08 -O4 0 44 a6 af, %, y-ray energies under 2 Mev. 

The Compton effect on bound 
electrons was first treated by Dzhelepov*. We calculated the dependence of the 

: *In measurements with Compton electrons the aberration of the analyzer may 
be somewhat smaller inasmuch as the vertical divergence angle of the electron 

beam in this case is smaller than in working with conversion electrons from Bal37, 
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natural line width on the y-ray energy for a polystyrene - [CH], - converter. 
In these calculations we used the electron velocity distribution in a carbon 
atom given by DuMond*. We obtained the following expression: 


ee : = 92 : x sei ’ 10-4, (15) 
. hy /natural K (2K aie 1) 
where jee ala 
mC 
The natural shape of Compton electron lines calculated for hy = 1.02 and 


6.13 Mev is shown in Fig.5. 
3. The width due to the dependence of the Compton electron energy on the 
angle of emission and divergence of the y-ray beam increases with increase of the 

photon energy. Approximate calculations show that the contribution of this ef- 
fect to the total line width is given by 
(= ee 


eee cacy 4 = ak 


AGS, (16) 


4. The principal contribution to the peak width associated with electron 
scattering in the converter and the windows and gas of the pass-through counter 
Cj, and in the residual gas in the spectrometer chamber is made by multiple scat- 
tering in the converter. The contribution of this factor was evaluated experi- 
mentally (see below). 


hv, Mey 


Fig.6. Variation of the peak width with y-ray energy. The figures at the curves 

identify the width components comprised in the given curve: 1 - geometric width, 

2 - natural width, 3 - angular width, 4 - width due to electron scattering. The 

points give the experimental values of the peak widths in the spectrum of the Y- 
rays from the C135(n,y)C136 reaction. 


Fig.6 shows the variation of the different components contributing to the 
peak width as a function of the y-ray energy for the case when slits Sg and S 
are equal to 4 m, slit Si to 5 mm and the polystyrene converter has a chiskieae 
of 20 uw. The contributing factors taken into account in plotting the curves are 
identified by the numerals at the curves. The figure also shows the experimental 
values of the peak widths found in measuring the spectrum of y-rays emitted in 
thermal neutron capture by chlorine-35. The difference between the experimental 
width values and the total width due to factors 1,2 and 3 is attributable mainly 
to broadening owing to multiple electron scattering. It will be evident from the 
figure in the case of a 20 p polystyrene converter appreciable line broadening 
owing to multiple electron scattering is evinced only in the range of energies 
below 1.5 Mev. It must be noted that our arithmetic addition of the contributions 
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from the different factors must be regarded as an approximate procedure inasmuch 
as strictly speaking these contributions are not fully additive. 

In addition to the y-ray dependence of the line width, we also determined 
the variation of the peak width with the converter thickness and the slit width. 
For polystyrene converters the optimum thickness was found to be 20 Hw. By re- 
ducing the width of slit S} to 3 mm and of slits Sg and Sg to 2 mm, one can ob- 
tain a resolution of 0.23% for energies above 2 Mev. At the same time, however, 
the peak height is reduced by a factor of 3.5. 


Spectral Response 


For determining the spectral response « of the instrument one must calculate 
the energy dependence of the area under the peak per photon incident on the con- 
verter and per unit Hp interval. The sensitivity was calculated on the assump- 
tion that all the electrons ejected from the converter within the solid capture 
angle have the same energy; multiple scattering in the converter and counter Cy 
was neglected. 

It can readily be shown that the area under the peak due to electrons eject- 
ed from 1 cm2 of the converter is equal to the integral 


eS Bomax a> (H) 
S(oy= NC an | | 4(ew, a, 8) dade, (a7) 
—B a, (H) 
0 omax “1 


where N is the number of electrons per 1 cm? converter, and (hy, a, B) is the dif- 
ferential Compton effect cross section calculated for recoil electrons. The 
magnetic field dependence of the limits of integration as regards angle a was de- 
termined above in the section on "Electron Capture Angles". Integrating (17) 
over a, B and H, we obtain 


S' (hv) = Hop -e (hv). 


The function ¢ (hv) calculated for the central 

part of the converter is shown in Fig.7. Inasmuch 
éthv) as f(hy, a, B) is only weakly dependent on « and 6, 
e(hy) calculated for the center of the converter, 
can be applied to the entire converter area. Vari- 
ation of the Compton electron energy with the angle 
4 of ejection and multiple scattering of the electrons 
in the converter should not within the range of 
moderate values significantly affect the peak area 
inasmuch as they do not change the total number of 
electrons ejected within the limits of the small 


o 2 4 6 8 10 capture angle (see, for example, Dzhelepov®). 
psn In measuring relative y-ray intensities one 
» Fig.7. Spectral response must, in addition to the spectral response of the 
of the instrument. spectrometer, also take into account y-ray absorp- 


tion in the sample and along the path from the sam- 

ple to the converter and also the electron loss owing to scattering in counter Cj. 

Another parameter of interest is the absolute efficiency of the spectrometer, 
i.e., the number of counts at the line peak per photon emitted from the source lo- 
cated at a distance, say, of 5 meters. Calculations yielded an efficiency for 5 
Mev y-rays of 1-10-12 counts per photon; the experimental value is 0.7-10712 
counts ro photon. We recall that for the old spectrometer the efficiency was 
.7°107 1 counts per photon. The lower efficiency of the new spectrometer is 
due to the fact that we reduced the converter thickness from 80 to 20 ut and also 
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decreased the effective electron capture angles somewhat. 

Measurements of the spectrum of y-rays emitted in thermal neutron capture 
by chlorine show that the efficiency of the new spectrometer is high enough for 
investigation of such spectra with good statistics. © 


Design of the Spectrometer 


The analyzer and separator magnets are independent magnets, each weighing 
about 3.5 tons. The magnet assembly of the analyzer is designed in the form of 
a “double mushroom’. The outside diameter of the magnet is 1700 mm; the width 
of the magnetic path is 500 mm; the width of the gap at R, = 600 mm is 100 mn. 
The magnet windings, consisting of four sections of 1000 turns each, with a cur- 
rent of 1.2 amp provide a 600 oersted field, corresponding to an electron energy 
of ~10 Mev. 

The separator magnet is C-shaped and has a gap width of 110 mm at 7, = 150 
mn; the windings, which consist of 8 sections of 1140 turns each, provide working 
fields in the range from 80 to 2400 oersted (i up to 10 amp). The magnet mount- 
ing provides for relative adjustment of the magnet positions. 

The profiles of the magnet pole pieces were calculated so that their sur- 
faces would be equipotential surfaces of the induced field. The tolerance in 
machining the profiles was 0.05 mn. 

Investigation of the magnetic field configuration showed that azimuthal sym- 
metry in both magnets was realized within 0.2% if the investigated points are at 
least one gap width removed from the radial cross section of the pole piece. 

The actual field distribution over the radius for the separator differs by less 
than 0.1% from the design value. In the analyzer magnet this agreement obtains 
only for H > 500 oersted, i.e., only at the high end of the working field range. 
At lower field values there is some variation in the field distribution over the 
radius owing to nonlinear iron effects. However, the resultant astigmatism does 
not lead to impairment of the resolution of the analyzer, inasmuch as the design 
of the vacuum chamber provides for displacement of the Cog counter assembly in the 
process of measurement to adjust for displacement of the radial focus. As was 
noted above the focusing characteristics of the analyzer were investigated with 
reference to the 624 kev Csl37 line. Although the astigmatism at this energy is 
appreciable, the effective resolution proved to be fully equal to the calculated 
value for the field (2). 

Inasmuch as the vertical angles of the electrons entering the analyzer do 
not exceed 0,015 radians, the loss in intensity connected with noncoincidence of 
the radial and vertical focuses is negligibly small. This was substantiated by 
tests. 

In order to minimize the influence of the prehistory of the magnet iron on 
the configuration of the magnetic field, both magnets are fully demagnetized 
prior to each experiment by means of an automatic circuit. 

oe magnet power supply circuit provides for current regulation to within 1 
in 5°10“. The magnetic field meter, which utilizes the principle of a permalloy 
transformer, indicates the magnetic field with an accuracy of 1 part in 5°10°, 

During experiments a vacuum of ~1072 mm Hg is maintained in the spectrometer 
chamber. The counters Cy and Cg have 5 ut thick terelene windows. 


Adjustment of the Spectrometer 


Adjustment of the spectrometer consists primarily of determining the posi- 
tions of the analyzer and separator focuses at different y-rays energies adjust- 
ment of positions of the converters, slits and relative location of the Hagens 
and finding the optimum analyzer-separator field intensity ratio. 
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Regarding the last point we note that inasmuch 

as the field meters are not located on the central 
AM orbits and the field intensity distribution in the 
Py analyzer changes with variation of the field, the ra- 
tio of the analyzer and separator fields must be de- 
termined experimentally. Fig.8 shows the variation 
of the peak height and width with the field ratio for 
the 7.79 Mev line of C136, It will be evident from 
Fig.8 that the ratio n = H,/H. must be maintained 
within 0.1% of the optimum value. The variation of 
. the analyzer-separator field ratio with the field in- 
= ean; ye a2 Qa da |», tensity was obtained from diagrams similar to that 

x shown in Fig.8. 


Fig.8. Variation of the 

peak height and width 

(7.79 Mev C136 line) with 

An/no, where n = Ha/H,; For determining the y-ray energies we plotted a 

N, = optimum field ratio. calibration curve on the basis of the reference points 
listed in the accompanying table. 


Determination of y-Ray Energies 


-Lines used in plotting the calibration curve 
Reaction yielding the 
emitting isotope 


Method of energy determination 
and References 


B10 (n,Q) Li? 0.4773 + 0.0004 Diffraction spectrometer (7) 
Na24(6-)Mg24 1.3679 + 0.001 Magnetic spectrometer (8) 

H(n,y)D 2.2228 + 0.0011 From nuclear mass measurements (9) 
Na24(67)Mg24 2.7533 + 0.0016 Magnetic spectrometer (8 & 10) 
c12(n,yv)c13 4,944 + 0.003 From the (d,p) reaction (11) and 


nuclear mass measurements (9) 


~ €135(n,7)C136 8.573 Nuclear mass measurements (12) 


0.004 


In the future we plan to increase the number of reference points. In the 
energy range under 3 Mev there is available a sufficient number of y-lines with 
well known energy (these are mainly y-rays from different radioactive isotopes). 
In this energy region uncertainty in energy determinations on our spectrometer 
is evaluated to be 1-2 kev. In the energy region above 3 Mev for the reference 
points one must depend on data obtained from nuclear mass measurements and the 
(d,p) reaction. The error in energy determinations in this region depends pri- 
marily on the acouracy of the reference points and amounts to about 5 kev. 

We desire to acknowledge our gratitude to D.V.Pavlov for design calculations 
of the magnetic system of the spectrometer, I.M,Kamyshev for preparing the engi- 

neering drawings and supervising the construction of the instrument and A.S.Vol- 
_kov for constructing the electronic equipment, and the personnel of the IRT re- 
actor for assistance in carrying out the measurements. 
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CONVERSION ELECTRON SPECTRUM OF NEUTRON-DEFICIENT LUTETIUM ISOTOPES 
IN THE 1000 TO 3500 kev REGION 
- B.S.Dzhelepov, I.F.Uchevatkin & S.A.Shestopalova 


As is known!-4, the conversion electron spectrum of the lutetium fraction 
in the spallation products of tantalum is very complicated. At the time this 
study was undertaken there had been reported approximately 100 y-transitions be- 
longing to Lul69, Lul70, Lul71 and Lul72, However, only one y-line with an ener- 
gy exceeding 1600 kev was known (E = 2040 + 40 kev, T = 2.2 + 0.7 days)°, although 
on the basis of B-systematics (according to Cameron) one might expect y-transi- 
tions with energies up to 3.5 Mev in the lutetium fraction. 

In view of this, we undertook a search for conversion lines with energies ex- 
ceeding 1 Mev. The lutetium fraction separated from a proton-bombarded tantalum 
target was investigated by means of a triple focusing B-spectrometer operating 
under the conditions described in Ref.6. The low coincidence background (1-2 
coinc/hr) in this instrument makes it possible to measure extremely weak lines. 


Lul71+172 
The experimental results are given in Fig.1 and Table l. 
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Fig.1. Spectrum of Lut72 conversion electrons with energies above 1000 kev. 


Measurements in the 1000 to 1200 kev region of the spectrum were started 7 
days after separation of the lutetium fraction. Our instrument recorded ~200 


‘coinc/min at the well-known K-1094 line. We followed the decay in intensity of 
this line for 52 days and found that its decay period is 6.5 + 0.2 days; this 


value is close to the period of Lul72, In the work of Refs.4 and 7 there was de- 
tected a transition of 1103 kev energy in Lul71 (T =8 days). Apparently, the 
corresponding conversion line is appreciably weaker than the K-1094 line, inas- 


much as even the points for the last two series of measurements fall on the same 


In I vs time straight line corresponding to a period of 6.5 days. According to 
the data of Turkevich et a1, there exists yet another line, approximately 14 
times weaker than the K-1094 line, corresponding to a 1113 kev transition. These 
lines were not resolved in our experiments. No lines in the higher energy region 
have been reported hitherto. 
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Table 1 
Lut72 conversion electrons with energies > 1000 kev 
ee EE ES 
Conversion| Relative |Transition|Half-life, 


electron |; : energy days 
No onerey , kev intensity kev” ay 


4* 4033 4** 1094 6,5-40,2 
2 1240-+40 4-10-2 4300440 | 6,3-44,5 
3 1330-445 4390-415 | 5,7-£1,5 
4 4390-45 4-40-2 14504415 | 6,544,5 
5 1510-20 4570420 | 6,0-4,5 
6 1540-20 160020 | 6,2-44,5 


*The listed electron energy was taken from Ref. 
4 as the most accurate value. 

**The unit intensity was taken as the integral 
area under the conversion lines corresponding to 
the 1094 and 1113 kev transitions. 


We detected five new lines in the 1200 to 1700 kev interval. Measurements 
in this region of the spectrum were started 22 days after separation of the frac- 
tion; presumably by this time very little Lul69 and Lul70 remained in the frac- 
tion. Among the newly detected lines the smallest number of coincidences was re- 
corded at the peak of the K-1300 line; the actual count in the first series of 
measurements was 0.6 coinc/min, which is still approximately 25 times higher than 
the background due to chance and cosmic coincidences. Hence we could follow the 
decrease in intensity of the new lines for 18-20 days. 

As will be evident from Table 1, these lines are characterized by a period 
of about 6 days; they probably belong to Lul72, As will be seen in Fig.1, with 
the resolution of our instrument (AHp/Hp = 3.5%) the last two lines - K-1570 and 
K-1600 - are barely resolved. In the vicinity of 1600 kev on the high energy 
side of the E, = 1540 kev line there is a hump, which presumably may be attribu- 
ted to a group of unresolved lines. 

The K-1450 line of Lu!?2 is close in energy to the well-known Lul70 K-1454 
line. This conversion line of Lul79 is very intense, and we initially measured 
it 7 days after separation of the fraction; 24 days after separation this line 
should have fallen off ~300 times in intensity (T + 2 days) and should have yield- 
ed 0.4 coinc/min; actually, however, we observed 1.1 + 0.1 coinc/min. 

Thus the contribution from both lines at the beginning of measurement of 
the L171+172 activity was approximately the same, and then the contribution of 
the Lul70 K-1454 line fell off rapidly. In the last series of measurements the 
intensity of the line with T = 2 days amounted to approximately 6% the intensity 
of the line with T = 6 days. This fact was taken into account in processing the 
results shown in Fig.1. We followed the decrease in intensity of the 678 kev 
conversion line, corresponding to a 739 kev transition in Lul7l (Refs.4 & 7) for 


50 days. We determined the period on the basis of 12 series of measurements and 
obtained a value of 8.3 + 0.2 days. 


Lul69+170 


In the 1060 to 1350 kev region of the spectrum there are unresolved conver- 
sion electron lines, the intensity of which falls off with a period of ~2 days 
The results of investigation of this section of the spectrum are shown in Fig. 2: 
these measurements were carried out on the 7th through llth days after separation 
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of the fraction. In the first series of mea- 
surements the lines with T = 6 days amounted 
to 50% in the 1085 kev region and 7% in the 
1200-1300 kev region; in the last series of 
measurements the corresponding values were 70 
and 13%, respectively. As will be evident 
from Fig.2 the conversion lines in this region 
are not resolved. We followed the decrease in 
intensity in the regions of the incipient peaks 
(see dashed arrows in Fig.2) and evaluated the 
! corresponding period. The results are given 

y 1 in Table 2. The solid line arrows in Fig.2 
indicate the positions of the conversion lines 
of Lul69 detected by Harmatz et al’, 

In Fig.3 we give the results of investi- 
gation of the conversion spectrum of the lute- 
tium fraction in the energy range from 1350 to 
3500 kev. These measurements were started a 
few hours after separation of the fraction. 
The high peak at ~1400 kev is due to overlap- 
ping of two lines (the relatively strong K-1454 
line and the weaker K-1481 line, both of which 


E1085 EgH70 Eq-1225— Eq-1330 
! ' 1 


1100 7300 7500 + have been attributed to Lul70 py Turkevich's 
E, kev group. 418 
Fig.2. Conversion electron spec- We followed the decrease in intensity of 


trum of Lul69+170 in the 1060 to this double line for about a month and found 
1400 kev interval. The period T = 2.1 + 0.1 days. It follows from the work 


was evaluated for the regions of Turkevich et al® that Lul?9 has another 
identified by the dashed line weak line corresponding to a transition of 1567 
arrows (T ~ 2 days). The solid kev energy. Harmatz et al? report observing a 
line arrows indicate the con- conversion line corresponding to a 1592.6 kev 
“version lines of Lul69 observed transition in Lul®9, In Fig.3 this line is 
by Harmatz et a9. evinced in the form of a jump on the high ener- 


gy side of the K-(1454-1481) line. If this 

line is inscribed in the spectrum with the maximum possible height, it will be 
evident from Fig.3 that in the 1550 to 1860 kev interval there still persists an 
excess of conversion electrons, which may be attributed to two or more unresolved 
lines. We followed the decrease in intensity in the region of the incipient peaks 
(K-1690 and K-1810) and found T ¥ 2 days. 
| We investigated the section of the spectrum above 1800 kev with particular 
care (this section is plotted to an enlarged scale in Fig.3). In this region 
there are no lines of Lul71 and Lul72, which have a period of 6-8 days. The ini- 
tial coincidence rate at the peak of the weakest line - K-2360 - was 28 coinc/min, 
which is approximately 1000 times greater than the background due to cosmic and 
chance coincidences. As will be evident from the figure there are conversion elec- 
trons up to an energy of 3300 kev, but most of the lines remain unresolved. We 
followed the decay of the most intense lines carefully for 16 days (8 periods). 
The values of the period are listed in column 7 of Table 2; on the basis of this 
data it may be asserted that all these hard lines belong to Lul70, 

The positron spectrum was investigated in the range of energies above 450 kev. 
We detected two components. The intensity of the component with end-point energy 
2445 + 20 kev decreases with a period of 48 + 3 hours; accordingly, this spectrum 
belongs to Lul70, ‘The intensity of the spectrum with end-point energy 1250 + 30 
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Fig.3. Conversion electron spectrum of the lutetium fraction in the 1350 to 3500 
kev range. 


Table 2 
Spectrum of LutS9+170 conversion electrons with energies above 1000 kev 
| 1 

Conversion = eo 

ele cu Rone anes Le eaten ge SCY) Assign— 
pk =a . T, hr. ment 

ener elat. ; 

we intehe Our data* |Ref.8 Ref. 9 
1 2 | 3 | 4 pers 6 7 8 
4 1085-+10 4145-+40 484+-40| 5 — 
2 4170 14 45-5 | (Lut?°)>? 
3 4225 , 4446 = 
4 1330 50-410 | (Lu!?)? 
o*x* 1393 4 1454 1454 — 48-+2 Lut? 
6 1490+1850) ~0,4 —_ 1567 — 
7 1890-+-20 1950-++-20 484-2 Lut?° 
8***!} 1980-+-10 0,2 2040-++-10 2040-+-40 46+3 Lu? 
9 2070-E20 2130-20 47+3 | Lut7 
10 2300-20 2360-420 53-+6 | Lulz 
44 2670-20 On 2730-20 49+5 | Lu17 
42 2860-20 , 2920-20 49+5 | Lute 
43 (3000-30) (3060-30) ~48 Lut70 


*We assume that all lines listed in column 2 are K-lines. 
**The indicated energy value has been taken from Ref.8 as the most accurate 
value. 

***Note added in proof: More recent measurements of the spectrum of Lul70 by 
means of a spectrometer with a resolution of 1.4% yielded a value of E, = 1992 + 
4 kev; the corresponding transition energy is 2053 + 4 kev. 
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kev decreases with a period of 34 + 4 hours; this spectrum belongs to Lul69, 

These results are in good agreement with the data of Ref.10. In separating the 

components we assumed that the spectra have the Fermi shape. The intensity ratio 

S1250/82445, referred to the time of separation of the fraction, equals 3.6 + 1.5 
We take this opportunity to thank A.I.Medvedev, who participated in the 


measurements of the Lul70 spectrum, and M.K.Nikitin for chromatographic separa- 
tion of the lutetium fraction. 


"D.I.Mendeleev" All-Union Scientific Research Metrology Institute 
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CONVERSION ELECTRON SPECTRUM OF Lul67 + yb167 
- A,S.Basina, B.S.Dzhelepov & V.A.Chikhladze 


The lutetium fraction obtained by chromatographic separation from the rare 
earth products of spallation of tantalum was investigated on a lens spectrometer 
with a resolution of ~2%. The tantalum targets were bombarded 15 to 30 min with 
fast protons in the Joint Institute for Nuclear Research synchrophasotron. The 
fraction was separated from the target 1 hr 50 min after irradiation; investiga- 
tion of the conversion spectrum was started 50 min later. The sources were pre- 
pared by evaporation of lutetium lactate on a 5 » thick aluminum backing; the 
source diameter did not exceed 4 mm. The counter windows passed >30 kev elec- 
trons. 

At present the following neutron-deficient lutetium isotopes are known; 175 

Lul74__EC__jyp174 
Lut73__ EC Yb173 
160-500 d 
Luz ?2 EC ypl72 


Lut 71_EC__.yp171 
8.5 da 
tae ple 
2.0 d 
Lyt69__EC _jypl69_ ECs 1 69 
167 EC .v,167 EC 167 EC 7,167 
LY A3Ssmin? ho asic Osean 
(The end nuclides in the above chains are all stable.) 

One could expect our sources to contain activities due to lutetium isotopes 
with A = 167, 169, 170, 171 and 172. Inasmuch as lutetium 173 and 174 have a 
long period, their activity in our sources was low. On the other hand, lutetium 
isotopes with a half-life appreciably shorter than that of Lul67 would decay to 
a negligible level during the 2-hour period required for chemical and chromato- 
graphic separation. 

The purpose of the present work was to investigate the conversion electron 
spectrum of Lul6?7 + ypl167 in the energy interval from 30 to 340 kev. In the ener- 
gy range above 340 kev we observed no lines, the intensity of which fell off with 
a period of about 1 hour. 

In the 30 to 340 energy interval, in addition to the lines appearing in the 
decay series Lu167—syp167—,1m167_.zr167, there appeared lines of Lul69, yp1l69, 
Lul70, Lul71 and Lul72, These lines constituted a background: they were investi- 
gated after the decay of Lul§7 ang Yb167, normalized according to their periods 
to the time of start of measurements and subtracted. The experimental spectrum 
of Lul67 and Yb167 reduced in this manner to 1 hour after separation of the frac- 
tion is shown in the accompanying figure. 

Lutetiuml67 was detected in the products of spallation of tantalum by Aron 
et al4 by means of a scintillation spectrometer. These authors observed the dis- 
integration of Lul67 (T = 55 + 3 min) and the formation of Yb167 (T = 18 min). 

In the spectrum of Lul67 they observed y-rays with an energy of about 240 kev; 
in the spectrum of the daughter Yb167 _ y-rays with energies of ~100 and 170 kev. 

In the conversion electron spectrum of our sample, one to six hours after 
separation we observed a number of extremely bright lines, the intensity of which 
fell off with a period of 55 + 5 min. After effacement of the lines of the short 
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surements, the agreement is satisfactory. 


period activity, there were 
clearly evinced in the spectrum 
of our source conversion lines 
associated with the 208 kev 7- 
transition occurring in Tm167 
(Ref.6). 

Clearly, we were dealing 
with the conversion electron 
spectrum of Lu167 and Yb167 in 
equilibrium with it. 

Recently, Harmatz et al? 
investigated separated Lul§7 and 
Yb167, Hence in Tables 1 and 2 
we list the energies and rela- 
tive intensities of the conver- 
sion lines separately for Lul§7 
and Yb167 (the separation is 
based on the data of Harmatz 
et al’). For comparison pur- 
poses, in addition to our own 
data, we also give the relative 
line intensities taken from Har- 
a matz et al. Considering the ex- 
perimental accuracy of our mea- 


Table l 
Conversion electrons emitted in the decay Lul67—+yp167 


Intensity prone 
Identifi- 
. E,k ee ee ee 

< ea ease Teqae Our data Ref. 7 cation 
454,6 212,9 58-45 42-46 46 K-243 
176,6 238 56-C5 400 100 K-239 
216.4 277,17 65-15 19-+5 46 K-278 
228 238 65-45 | 474-4 19 L-239 
339,5 400, 8 56-ED 40-42 10 K-401 
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Table 2 
Conversion electrons emitted in the decay Yb167-»Tm167 


ae Identifi- 
BE .kev| Ey, kev aaa a Seis Ty see - 
e ; cation 
Our data Ref. 7 
46,7 406 ,0 56-45 340-70 370 K-406 
53,5 112,8 55-5 190-40 155 K-4113 
57,6 416,9 -- 25-45 7p K-116 
60,8 63 — 19-+6 24 M-62* 
95,7 105,8 55-45 100 100 L-106 
103,6 105,9 56-5 58-+9 50 M-106 
u L-113 
108 wlll -— 16-7 23 L-116 
116,5 175 ,6 03-5 16-+5 44 K-176 
42253 431,4 59-5 14+45 13 L-132 
*Includes K-122 electrons of In187, 
Table 3 It would be of interest to carry out a com- 
Unidentified Lul67 + yp167 parison of the relative intensities of the transi- 
electrons, not reported tions involved in the disintegration of Lul67 and 
in Ref.7 Yb167, Unfortunately, the relative intensities of 
ITT the Lul67 K-239 and Yb167 L-106 lines could not be 
Sper RN) DRED peas determined with sufficient accuracy: according to 
our evaluations the intensity of the Lul§7 K-239 
met line amounts to from 35 to 55% the intensity of the 
ao. ena 3045 Yb167 L-106 line. The 60 to 80 kev interval of the 
169,0 60415 | 30415 spectrum, wherein there were detected lines with 


energies 68.9 and 76 kev (not reported in Ref. 7), 

was investigated in an auxiliary series of experi- 
ments by Gromov & Dneprovskii® on an instrument with high resolution. Their data 
substantiate the existence of lines due to short period activities in this energy 
interval. 


Scientific Research Physical Institute, 
"A.A, Zhdanov" Leningrad State University & 
Joint Institute for Nuclear Research 
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CONVERSION ELECTRON SPECTRUM OF THE DYSPROSIUM FRACTION FROM SPALLATION 
OF TANTALUM 
- A.S.Basina, K.Ya.Gromov & B.S.Dzhelepov 


1. Experimental conditions 


We investigated the conversion electron spectrum of the dysprosium fraction, 
obtained by chromatographic separation from the rare earths formed in the spalla- 
tion of tantalum,on a magnetic lens B-spectrometer with a resolution of ~1.9%. 
The tantalum target was bombarded with fast protons for 15-20 min. The separa- 
tion of the fraction was carried out 2 hours after bombardment. Measurement of 
the spectrum began about 1 hour after separation of the fraction. 

The sources were prepared by preliminary evaporation of dysprosium lactate 
with subsequent transfer of the activity onto an aluminum foil by means of a 
weak acetic acid solution. This procedure allows of preparing thin sources and 
substantially shortens the preparation time, which is important in working with 
short-lived isotopes. We used sources in the form of a circular spot 3 mm in 
diameter. The counter window transmitted 220 kev electrons. 


2. Composition of the source 


According to the data in the literaturel»2, there exist the following neutron- 
deficient dysprosium isotopes with a period greater than 1 hour: 


159 EC m159 

D Tb 

y 20cds 

pyt87 BC : eS eECee LST 


155 EC 155 EC 7.155 
} EC nth 
DIET GS hyp Bcerdes 


154 a Gql5° 
Dy 13 hr 


Dy!53_a_,¢al50 


152. @ 148 
Ma ay ge pair 

In working with our sources we observed radiation from Dy152, Dy153, py155 
and Dy!°7; no radiation from Dy154 and Dy159 was observed. 

Initially, we studied the conversion electron spectrum continuously over a 
period of ~30 hours. Then, to follow the decay of the terbium daughter isotopes, 
we observed the same part of the spectrum every 24 hours for as long as the acti- 
vity permitted good detection. 

In the spectrum of the dysprosium fraction we observed lines the intensities 
of which fell off with the following periods: ~6 hr, 8-11 hr, ~20 hr and several 
days (more precise determination of the decay period of these lines of the longer- 
lived isotopes was impossible owing to the low level of activity of the source). 
In addition, we noted that the intensity of a number of lines at first increased 
with a period of 2.5 hours and then decreased with a period of ~20 hours. 4 

On the basis of the data in the literature we attributed the 8-11 hr activi- 
ty to Dyl55 and Dy157, and the longer periods to terbium daughter activities. 

The assignments for the ~6 hr, ~2.5 hr and 20 hr periods will be discussed below. 
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3. Dy157 and Dy155 


The conversion electron spectra of Dy157 and Dy155 were investigated by 
Mihelich, Harmatz & Handley? and Toth & Rasmussen‘. 

There are many conversion lines in the spectra of these isotopes in the re- 
gion below 300 kev. This together with the relatively low resolution of our 
instrument greatly hampered analysis of the experimental spectra. In this ener- 
gy region we could not in a number of cases differentiate on the basis of the de- 
cay period between the lines of 8 hr Dy157 and 10 hr Dy155 and the lines of ~5 
hr Dy153, 

In the spectra of our sources we clearly discerned conversion lines of the 
227 and 271.4 kev transitions in Dy155 (Ref.4) and the 326 kev transition in Dy1957 
(Ref.3). Also clearly discernible were the conversion lines of a y-transition 
with an energy of 82 kev. A transition with a close energy - 82.9 kev - was de- 
tected by Mihelich et al3 in the spectrum of Dy157, However, the relative inten- 
sity of the conversion lines associated with the 82 and 326 kev transitions ac- 
cording to our measurements is appreciably higher than the intensity according 
to the measurements of Mihelich et al. Thus according to our data L-82:M-82:K- 
-326 = 270:100:100, whereas according to Mihelich et al L-82.9:M-82. 9LK-326.6 = 
= 15: 4:100. 

In view of this it may be asserted that a major part of the intensity of the 
L-82 and M-82 conversion lines arises in the decay of some other isotope (not 
Dy157), We are inclined to assign this line to the decay of Dy153 in the Dy1l57 
source used by Mihelich et al). 

The daughter nuclide forming in the decay of Dy155 is Th155, the spectrum 
of which has been couenly studied5,3, The lines appearing in the decay of 
Tb155 (T = 5.6 days) to Gd155, and associated with transitions of 87, 101, 105, 
148, 162, 180 and 263 kev energy, were evinced in the spectrum of our source some 
50-80 hours after irradiation, i.e., after the lines due to the decay of the dys- 
prosium isotope had faded. 

The dysprosium isotope with mass number 154 was discovered by Toth & Rasmus- 
sen, who found that it is an Q-emitter and has a period of 13 hours. According 
to Cameron's tables, the mass difference between Dy154 and neighboring Tb154 is 
529 kev. Electron capture by Dy154 with the formation of Tb154 as the daughter 
nucleus is energetically possible. In the spectrum of our source, however, we 
observed no lines that could be assigned to Dyl54 or lines of Tb154, the spectrum 
of which is known from two independent studies?»°, 


The existence of the isotope Dy153 with a period of 5 + 0.5 hours was estab- 
lished by Toth & Rasmussen® by observation of Q-decay. 

The mass spectrometric experiments of Dobronravova et al? showed that Dy153 
is present in the products of spallation of tantalum. In this investigation it 
was found by means of a scintillation spectrometer that y-rays of ~80 kev energy 
are emitted in the decay of Dyl53, As noted above, we observed in the conversion 
spectrum of our source a group of lines the intensity of which fell off with a 
period of ~6 hr. In the spectrum of the source some 50-60 hours after separation 
when the lines of the short-lived dysprosium isotopes had disappeared, there wares 
clearly evinced conversion lines associated with the 41.5, 109, 212 and 250 kev 
y-transitions in Tb153, the spectrum of which is well known3,5. Thus there can 
be no doubt that Dy153 was present in our sources. 

In Table 1 we have listed the energies, relative intensities and evaluated 
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Table 1 
Conversion electrons of Dy153 
ms key E_, kev 7 Ar Relative in— Identifi- 
¥ : tensity(exp.) cation 
28,8 80,8 7+2 K-81 
47,4 99,4 7,0+1,0 200-+-+60 K-99 
72,8 81,4 8,5+1,5 200+60 L-84 
79,9 81,9 8,541,5 70+20 M-81 
90,7 99,4 8+2 50+15 L-99 
99,7 whe 8+2 40-+-10 M-99 & 
cr K-147? 
138,4 147 6-1 25+6 L-4147? 
191 ,9 244 6+4 40-6 K-244 
203,41 255 5-+4 100 K-255 
237 ,4 245 6+2 4+2 L-244 
246,8 255 6-+4 13+3 L-255 


Css. the conversion lines that we feel justified in assigning to the decay 
of Dy ° 

The 99.4 kev y-transition was observed earlier in the dysprosium fraction 
from the spallation of tantalum by Dzhelepov et al8, and was tentatively attribu- 
ted to Dy155 or Dy157 However, no transition of this energy was observed in the 
investigations of Mihelich et al3 and Toth & Rasmussen* devoted to these isotopes. 
Hence we feel justified in attributing this 99.4 kev transition to the decay of 
Dy153, Our anomalously high value for the half-life can readily be explained: 
the spectrum of our source was extremely rich in conversion lines in this region, 
while the resolution of our instrument was relatively low. 

We identified the 138.4 kev conversion line as the L-147 line on the basis 
of the data of Zvol'skii92, who observed a transition of this energy in the dys- 
prosium fraction; the K line of this transition is superposed on the M line of 
the 99.4 kev transition. 

We observed no other intense conversion lines with a period close to 6 hours 
“in the energy interval from 20 to 1100 kev. 


5. pyt52 EC opt52_EC__gql52 


Prior to 1959 only one neutron deficient isotope with mass number 152 was 
known, namely, Dy152 (2.3 hr), which was discovered in a survey for Q-activity by 
Rasmussen, Thompson & Ghiorsol9, 

As noted above, in studying the conversion electron spectrum of our dyspro- 
sium fraction we observed that the intensity of a number of lines at first in- 
creased with a period of 2-2.5 hours and then fell off with a period of 19-20 
hours. A typical intensity vs time curve for one of these lines is shown in Fig.l. 

The fact that among these lines there proved to be lines associated with the 

344 kev transition, which was observed earlier in B”-decay of EulS2 (Refs.1l & 
12), and the fact that the build-up period of these lines agrees with the decay 
period of Dy152 gives reason to infer that we are dealing here with the conversion 
lines of transitions involved in the chain 


152 
py82_,3¢ Tpld2_EC __,gql52, 


This establishes the existence of electron capture in Dy152 with the forma- 
tion of Tb152 as the daughter nucleus. We did not observe any conversion lines 
‘appearing in the decay of Dyi52 (T = 2.3 hr). In July 1959, Toth, Faler & Ras- 
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Table 2 mussenl3 reported their discovery 
Conversion electrons of Tb152 of a new terbium isotope, Tb!® 
(Tose lS 75. te0. oak. Ey = 344 kev). 
= Ey ea Identifi- Thus it has now been reliably 
benes HEE. gotten established that there exist three 
terbium isotopes with half-lives of 
ae a mae, as about 18 hours: Tb151, Tb152 and 
362 4A2 442 K-412 Tb154, The terbium isotope with 
382 432 23-9 K -432* mass number 151 was not present in 
yee ie na! 42 a as our source owing to the short de- 
536 586 ee) K-586* cay period of the parent Dy151l 
ope ne ae ae (T = 19 min, according to Toth & 
1000 1050 very weak K-1050? Rasmussen®) . 


In view of this we feel justi- 
eon ----- fied in assuming that all the ob- 
*Growth and decay curves were recorded served conversion lines with T= 20 
for these lines. hr can be assigned to the decay of 
Tb152, The energies and relative 
intensities of these lines are 
listed in Table 2. The conversion electron spectrum of Tb152 is shown in Fig.2. 


log Nj 


0 6 12 18 24 30 oe 


Fig.1. Typical intensity vs time curve for a number of conversion lines. 


tp 


Fig.2. Conversion electron spectrum of Tb!52, 


2 i 


The 615 and 432 kev y-transitions cannot be 
7 in cascade with the 344 kev transition from the 
first excited level to the ground state, inasmuch 
as the relative intensities of these transitions 
proved to be too high for any reasonable multiple 
order assignments (from El to M3). 
A tentative decay scheme for Tb152 is shown 
in Fig.3. If we hypothesize a level at 615 kev, 
we should expect to observe a transition of 271 
kev energy to the 344 kev level of Gdl52, No 
such transition has been observed in the decay of 
Eul52, but a transition of this energy was detect- 
ed by Anton'eva et al5 in the spectrum of the ter- 
bium fraction (possibly the same y-rays were ob- 
served by Toth, Faler and Rasmussen!3, who evalu- 
ated their energy as 265 kev). We were unable to 
observe lines associated with the 271 kev transi- 
Fig.3. Decay scheme for Tb152, tion (if it exists) inasmuch as at the same ener- 
gy there is an intense line of Dy1l55, 
We observed conversion electrons of very low intensity from a transition of 
1050 kev energy. Unfortunately, we were unable to evaluate the decay period of 
the K line more accurately than ~l day. Anton'eva et al report a period of 18 
hours for this transition. If one introduces a level at 1050 kev in Gdl52, the 
432 kev transition can readily be accomodated in the decay scheme. 
In the energy range from 400 to 1100 kev we detected a large number of very 
weak electron lines (Eg- = 433, 448, 455, 492, 532, 543, 570, 652, 664, 765, 780, 
953, 864, 873, 894, 927, 950 and 1050 kev), for which we cannot give a reasonable 
close evaluation of the periods. Some of these lines (432.1 and 455.9 kev), ac- 
cording to the data of Toth & Rasmussen4, may be assigned to the decay of Dy155 or 
Dy157, but the origin of most of these lines is still unclear, and their assign- 
ments must await further investigation. 
We desire to express our gratitude to V.A.Morozov and G.A.Mironov for assist- 
ance in carrying out the measurements and I.A.Yutlandov and V.A.Khalkin for carry- 
ing out the chemical separations. 
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Note added in proof: Invoking the new data reported by Abdurazakov et al14 
and Bonch-Osmolovskaya et aill5 one can adduce additional arguments in favor of 
the proposed decay scheme for Tb152, Abdurazakov et al showed that the radiation 
of the dysprosium fraction comprises y-rays of 272.0 kev energy, which may be at- 

‘tributed to Tb!52, The corresponding y-transition is located between the 615 and 
344 kev levels in the decay scheme (Fig.3). Bonch-Osmolovskaya et al in investi- 
gating the B+-spectrum of Tb152 discovered components with end-point energies 
1.65 and 2.7 Mev, the difference between which corresponds to the energy of the 


hypothesized 1050 kev level. 
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ON THE 106 kev TRANSITION IN Tm!67 
- A.S.Basina & V.A.Morozov 


We felt it would be of interest, using the recent data of Harmatz, Handley 

& Mihelich! on the multipole order of the transitions in Tm167, to determine ex- 
perimentally the intensity of the transitions in percent per disintegration. Spe- 
cifically, we carried out such a determination for the 106 kev transition (E2 + 

+ M1) from the 5/2+ to the 3/2+ level. The lutetium fraction separated chromato- 
graphically from the rare earth products of spallation of tantalum was subjected 
to a second separation to isolate the daughter ytterbiun. 

The conversion electron spectrum of the source obtained in this manner was 
investigated on a magnetic lens B-spectrometer with a resolution of 1.9%. The 
counter window passed > 20 kev electrons. 

The second separation was carried out one hour after the initial separation 
of the lutetium fraction (i.e., three hours after proton bombardment of the tanta- 
lum target). Hence our source contained primarily Yb167 (T = 19 + 0.5 min accord- 
ing to our measurements) formed in the decay of Lul67 (T = 55 min according to 
Aron et al2), 


The conversion spectrum of Yb167 comprises an intense L line associated with 
the 106 kev transition. 3 | 

We measured the relative intensities of the Yb167 L-106 and Tm!§7 K-208 lines. 
Using the data furnished by K.Ya.Gromov regarding the 208 kev transition in Er167 
(29% per disintegration) we calculated the intensity in percent per disintegration 
for the 106 kev transition in Yb!67. The calculations were carried out on the as- 
sumption that this transition is pure Ml and yielded a value of ~59%. 

It may be noted that the intensity of the analogous 109 kev transition 
(5/2+-»3/2+) in Tm169, the level scheme® for which is similar to that for Tm!§7, 
amounts to 58% per disintegration. 

We are sincerely grateful to K.Ya.Gromov for making available the decay data 
and to I.A.Yutlandov and B.A.Khalkin for the chemical part of the work. 


"y.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 


References 


1. B.Harmatz, T.H.Handley & J.W.Mihelich, Phys.Rev., 114, 1082 (1959). 

2. P.M.Aron, A.V.Kalyamin, A.N.Murin & V.A.Yakovlev, Izv.AN SSSR, Ser.fiz., 
22, 817 (1958). (Trans.Bulletin, 22, 811.) 

3. A.S.Basina, B.S.Dzhelepov & A.M.Chikhladze, Present issue of the Bulletin, 
p.810. 

4. K.Ya.Gromov, B.S.Dzhelepov & B.K.Preobrazhenskii, Izv.AN SSSR, Ser.fiz., 
m1, 918 (1957). 
5. K.Ya.Gromov, B.S.Dzhelepov & B.K.Preobrazhenskii, Ibid., 22, 775 (1958). 
(Trans.Bulletin, 22, 770.) 


- 820 - 


THE (n,2n) AND (y,n) REACTIONS ON Aul97 
- M.A.Bak, K.A.Petrzhak & Chen’ Tya-Mei 


Reactions of the (n,2n) and (y,n) type are distinguished by the fact that 
in both the same initial nucleus is converted to the same next lighter isotope. 

We felt it would be of interest to investigate these reactions in cases when the 
neutron and y-energies are close. Hence we undertook an investigation of the 
interaction of neutrons having an energy of ~14 Mev and y-rays of the continuous 
spectrum having an end-point energy close to ~14 Mev with Aul97 nuclei. It can 

be shown that at the indicated neutron and gamma energies in the case of Aul97 
there occur only the (n,2n) and (y,n) reactions, respectively. The cross section 
for the (n,2n) reaction at the given neutron energy was found to be approximately 
1800 + 500 mb (Ref.1), while the cross section for the (y,n) reaction at Ey = 17.5 
Mev is 460 + 50 mb (Ref.2). The product of both reactions is Aul96, 

McMillan et al3 bombarded gold with fast neutrons from a (Li + D) source 
and detected two activities with period of 13.0 hr and 5.5 days. Similar results 
were obtained by Wilkinson*»5, who gives the short period as 14.0 + 0.3 hr. The 
appearance of activities with two periods in this case is due to the Aul97(n,2n)- 
Aul96 reaction, and hence the above mentioned authors hypothesize the existence 
of an isomeric state. Further work in this direction, however, was not undertaken 
inasmuch as in a number of investigations in which the reaction product was Aul96 
no activity with the short period was detected. As for the photoneutron reaction, 
it was found that in the case of irradiation of Aul97 with ~17 Mev y-rays from 
the (Li +p) reaction there resulted only the activity with the long (5.5 day) 
period. 

It will be apparent therefore that the nature of the short period activity 
in the decay of Aul96 has not yet been clarified. It is interesting to note that 
Seaborg in his "Table of Isotopes" included an isomeric state of this nucleus 
with a period of 14 hours, while in the tables compiled by Dzhelepov & Peker this 
isomeric state is omitted. 

In the present experiments the ~14 Mev neutrons were obtained from a 
H3(d,n)He4 type neutron generator, and the y-rays from a betatron with a tungsten 
target. The gold targets were foils 14 mm in diameter with a superficial density 
of 12-14 mg/cm2, In the neutron bombardment experiments particular attention was 
paid to shielding the target against slow neutrons. This shielding was realized 
by a 12 m thick layer of boron carbide (superficial density - 1.4 g/cm2) and a 
1 mm thick layer of cadmium. This shielding insured virtually complete elimina- 
tion of thermal and resonance neutrons at the location of the gold target, as is 
proved by the fact that there was no noticeable activity with a period of 2.7 days 
due to the (n,y) reaction on the Aul97, 

After irradiation or bombardment the gold targets were mounted at a distance 
of 1.5 cm from the end window of a BFL-25 counter. The duration of each counting 
period was chosen so that the statistical uncertainty would not exceed 1-2%. The 
measurements were carried out under the same conditions periodically for 10 to 
15 days. 

Investigation of the B-activity of the Aul97 samples showed that in the case 
of neutron bombardment there form activities falling off with two periods, namely, 
a short period of 9.7 + 0.3 hours and a long period of 5.6 + 0.1 days, while in 
the case of y-irradiation there is formed only the long period activity. Possibly 
the short period activity might appear in the case of irradiation with higher ener- 
gy y-rays. 

Experiments with aluminum absorbers yielded a rough evaluation of the upper 
bound of the beta energy spectrum: Ep < 250 kev. 
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Recently there appeared the report of Van Lieshout et al§, who also found 
that Aul96, in addition to a period of 5.5 days, exhibits an activity of 10.0 + 
+ 0.5 hours if the Aul97 target is bombarded with neutrons of appropriate ener- 
gy. Van Lieshout et al, however, do not give a de 


finitive decay scheme for this 
10 hr isomer. 

We hope in the near future to establish the decay scheme for the Aul96 iso- 
mer by investigating its ¥-spectrun. 
"V.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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ROTATIONAL ENERGY OF EVEN-EVEN AND ODD NUCLEI 
- A.S.Davydov 


Introduction 


In a report! presented at the Ninth All-Union Conference on Nuclear Spectro- 
scopy we gave a review of investigations devoted to rotational states of even- 
even nuclei. It was shown that the hypothesis regarding the nonaxial shape of 
atomic nuclei, developed in the work of Davydov & Filippov2 and Davydov & Rostov- 
skii3, makes it possible to identify a number of low-lying states in even-even 
nuclei as rotational excited states even in case of violation of the interval 
rule 1:3.3:7:12:...., which has long been regarded as a necessary condition for 
classification of excited states as rotational ones. 

Rotation of axially symmetric nuclei is possible only about an axis perpen- 
dicular to the nuclear symmetry axis. Such rotation is associated (in the adia- 
batic approximation) with one value of the moment of inertia of the nucleus. In 
even-even nuclei excited states corresponding to the first rotational band are 
characterized by the sequence of even quantum numbers J = 0, 2, 4, ..., defining 
the square of the angular momentum of the nucleus, and the quantum number K = 0, 
the projection of the total angular momentum on the nuclear symmetry axis. In 
addition, there may exist other rotational bands corresponding to the same char- 
acter of rotation with different internal excitations of the nucleus. In particu- 
lar, there was considered the band corresponding to y-oscillations with K = 2. 

In excitations corresponding to y-oscillations the root mean square deviation 
from axial symmetry is nonzero, i.e., 77-0. Consequently, the presence of y- 
oscillations (even oscillations corresponding to zero energy) automatically leads 
to the possibility of rotation of the nucleus about the symmetry axis with a mo- 
ment of inertia differing from zero. 

If we proceed from the assumption that the shape of the nucleus need not 
necessarily be axially symmetrical, the rotational excitations will correspond 
not to one but in general to three principal moments of inertia of the nucleus. 
The character of rotation of the nucleus becomes more complicated, and according- 
ly, the spectrum of the rotational states becomes richer even without taking in- 
to account internal excitations. 

The theory of nonaxial nuclei developed in Refs.2 & 3 was based on the fol- 
lowing three simplifying assumptions: 

a) The internal state of the nucleus does not change incident to its rota- 
tion, 

b) The three principal moments of inertia of the nucleus depend on a para- 
meter determining the deviation of the nucleus from axial symmetry by means of 
the equations 


I, = Asin*(y—i), Rd Pi ing h (1) 


c) In calculating the probability for electromagnetic transitions between 
rotational states it was assumed that the electric charge is uniformly distributed 
over the nuclear volume. 

With these three simplifications the theory of rotational states of nonaxial 
even-even nuclei leads to simple results that can readily be compared with experi- 
ment. It was found that the first excited state always has spin 2. The spin se- 
quence of the other excited states and the ratio of their energies to the energy 
of the first excited state is a unique function, 
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Fig.1. Variation of the energy of rotation- 
al states of even-even nuclei with the non- 
axiality parameter vy. The points ne the 
imental values for the nuclei: 1 

smi52, 9) Gal54 , 3) Gal56 | 4) Dy160 | 5) 
Eri66, 6) Er168 , 7) w182, 8) wl184, 9) Osl86 | 

- 10) 0s188, 11) 0s190, 12) 08192, 13) Ptl92, 
14) Hgl98, 15) Mg24. 


__ &» (2) 
Een 


i.e., the ratio of the energy of 
the second excited state with spin 
2 to the energy of the first excit- 
ed state with the same spin. 

The sequence of spins and ener- 
gies of the rotational states of 
nonaxial nuclei is illustrated in 
Fig.1, in which these quantities 
are plotted as functions of the 
nonaxiality parameter vy. The rela- 
tive probabilities for electromag- 
netic transitions between all rota- 
tional states are unique functions 
of the same parameter. 


I. Comparison of the results of 
the theory of rotational states 


of nonaxial nuclei with experiment 


Since the publication in 1958 
of Refs.2 & 3 there have appeared 
here and abroad a number of studies 
devoted to comparison of the results 
of the theory of rotational states 
of nonaxial nuclei with experiment- 
al data; there have also been at- 
tempts to develop this theory fur- 
ther. In the present section we 
shall review the results of such 
comparisons. 

1. The Canadian physicists 
King & Johns4 investigated the ex- 
cited states of four osmium isotopes. 
They compared their results with 
the deductions from the theory of 
nonaxial nuclei2,3 and with the in- 
ferences from earlier theories. 
Identifying the second excited 
state with spin 2 with y-oscilla- 
tions, these authors come to the 
conclusion that osmium nuclei have 
a low stability as regards change 
in shape, i.e., are "soft" nuclei. 
In connection with this they ques- 


le nuclear shape. 
tion the possibility of utilizing the concept of a stab 
Despite this deduction, King & Johns conclude that the theory of Davydov & 


*It must be noted that the theory of rotational states of nonaxial nuclei 
is not based on the assumption of a "rigid' nuclear shape as regards variation 
of y. It is sufficient that the root mean square deviation y~ be different 


from zero and not change apprecia 


bly incident to rotation of the nucleus. 
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Filippov is very attractive inasmuch as it leads to numerical prediction of the 
relative location of levels and transition probabilities for these nuclei. In 
contrast, the theory of Bohr & Mottelson, which utilizes B- and y-oscillations, 
leads only to order of magnitude evaluations, so that it can jestingly be called 
the "soft" theory for "soft nuclei. 

2. In their work DeMille et al° repeated the calculations for the location 
of the rotational states having spins 2, 6 and 8. Their results agreed with 
those given in Ref.3. Further, DeMille et al compared the results of theory 
with the available experimental data and came to the conclusion that "the theory 
of Davydov & Filippov successfully explains a large number of nuclear energy lev- 
els. However, it cannot predict all the low-lying excited levels inasmuch as 
there exist other 0+ and 2+ levels, the presence of which is not connected with 
rotation of the asymmetrical solid." 

3. The American physicists Malman & Kerman (Argonne National Laboratory, pre- 
print, 1959) also carried out a comparison of the results of the theory of rota- 
tional states of nonaxial nuclei with experimental data. On the basis of this 
comparison, Malman & Kerman come to the conclusion that "the theory of an asym- 
metrical top agrees with the experimental data for a wider region of nuclei than 
the theory of a symmetrical top. In its present state, however, it does not 
fully explain the low-lying energy levels of even states with £1(4)/#,(2) < 2.67." 
These authors propose the following approximate formula for a correction to the 
position of the energy levels taking into account the interaction of the rotation 
with oscillations of the nuclear surface: 


E, (J) = Ei (J) — 6 {E? (J)}, (2) 


where E£{ (J) is the energy of the level with spin / in the adiabatic approximation. 
The authors note that the introduction of this correction improves the agreement 
of theory with experiment. By way of example, they give a comparison of the ex- 
perimental values of the ratio of the energy of excited states of Os!90 to the 
energy of the first excited state with the corresponding deductions from the the- 
ory of nonaxial nuclei and the theory of axial nuclei. This comparison is repro- 
duced in the following table. 

Values of the energy level ratio aces 0s190 

1 

Theoretical data 


Nonaxial Axial 
nuclei nuclei 
2 2,98 — 
4 2,96 3,05 
4 5,60 5,44 
8t 4 8,90 8,89 ede I 


4, Van Patter® carried out an extensive comparison of the experimental data 
with the theory of nonaxial nuclei as regards the probabilities for electric 
quadrupole transitions between rotational states. Fig.2, taken from the work of 
Van Patter, shows the theoretical curve for the ratio of the reduced probabilities 


Ug hip lee home? 
of E2 transitions [3 between two levels of spin 2 and directly from the 


second excited level to the ground state The points in the fi 

: gure give the ex- 
perimental ratios for 45 nuclei. It must be borne in mind that there is a certain 
ambiguity in calculating the experimental ratios owing to the admixture of mag- 
netic dipole 2'-»2 transitions, which in a number of cases can only be evaluated 


B(E2:2'+2) 
B(E23 2'~0) 
eet Zn tos 


Fig.2. Comparison of the theoretical and experimental 
ratios of the reduced probabilities for E2 transitions 
between the two spin 2 levels and the second excited 
level in the ground state (2'-—»2 and 2'—0). The curve 
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very roughly. If we exclude 894, Cel40 and zr92, 
the excited states of which cannot be definitively 
classified as rotational states, it follows from 
Fig.2 that the theory does satisfactorily character- 
ize the relation between the indicated transition 


probability ratios and the experimental ratios 
E, (2) 
£) (2) 


Fig.3 shows a comparison of the theoretical 
ratio of the reduced transition probabilities from 
the ground state to the first two excited spin 2 
states with the experimental values obtained for 
20 nuclei from Cou- 
lomb excitation data 
(work of Barloutaud 
and his co-workers 
and Stelson & McGowan). 
Van Patter makes the 

5 aaa 15 20 Ey) following comment re- 
£(2) garding this figure: 
"The agreement with 
the theory of Davydov 
& Filippov is really 
surprising particular- 


is calculated according to the theory of Davydov & Filip- ly because no other 


pov. 


B(EZ:Z~-0) 
8(E2 5 2+0) 


Fig.3. Comparison of the theoretical and experimental 


theory yields quanti- 
tative values for this 
ratio." 

5. An extensive 
comparison of the re- 
sults of the theory 
of nonaxial nuclei 
with the experimental 
data was carried out 
by the Leningrad physi- 
cists Grigor'ev & Avo- 
tina?. The curve in 
Fig.1, which was taken 
from their work, shows 
the variation of the 
energy of the rotation- 
al levels with the 
nonaxiality parameter 
in the range y = 10 
to 30°, The points 
70 in the figure give 
£,(2) the experimental val- 
E,(2) ues of the ratio of 

the energy levels and 


F grant 15 


ratios of the reduced probabilities for E2 0-»2' and 0-»2 of their deviation from 


transitions. Curve based on the theory of Davydov & 


Filippov. 


the theoretical curves 
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for 15 nuclei. It will be evident from this figure that the greatest ARE 
of the experimental values from the theoretical ones is observed for Mg24, Gal5 
and Hgl 98, The deviation increases with increase of the rotational moment of the 
excited state of the nucleus. Grigor'ev & Avotina note that the corrections to 
the energy levels are poorly described by the term — )/*(/ + 1)*, which is usually 
used in the theory of axial nuclei. They note further that fulfillment of the 
equality « (3) = (2) +& (2), following from the adiabatic theory of nonaxial nu- 
clei, cannot be regarded as a good criterion for applicability of the adiabatic 
approximation. 


II. Further development of the theory of rotational states 
of nonaxial even-even nuclei 


The above results of comparison of the experimental data with the theory of 
rotational states of nonaxial nuclei based on the simplifying assumptions set 
forth in the introduction show that in general the theory correctly describes 
the experimentally observed relationships. Upon more detailed comparison, how- 
ever, it becomes evident that the agreement is not complete. The greatest devia- 
tions of the experimental data from the theoretical values are observed for nu- 


Eig (2) 
EB) (2) 


clei in which the energy ratio <3. To discover the reasons for these di- 
vergences one must first elucidate how the results of the simple theory of rota- 
tional states of nonaxial nuclei will change if one renounces the above mentioned 
simplifications. 

We first turned to investigations of the role of the choice of the explicit 
dependence of the principal moments of inertia on the parameters defining the nu- 
clear shape. In view of the fact that the experimental values of the moments of 
inertia of nuclei occupy an intermediate position between the moments of inertia 
of a solid and the moments of inertia of the hydrodynamic model, MacDonald (Har- 
well preprint 1959) proposed the following expression for describing the moments 
of inertia of nuclei: 


yo "Ye —2 
H i 
ett (2) = P| ’ t= 4, 2, 3, (3) 


where the // are the moments of inertia of a solid ellipsoid, the I} are the mo- 
ments of inertia agreeing with (1) for 4=483*, and p is a new parameter which is 
taken equal to 0.1 or 0.2. Equation (3) has the attribute that in the limit as 
p>0,J:>l;. For p=0 and as y->0, the moment of inertia /;—>0. For p=-0 and 
as B—-+0 aii i> 0. 

Eq. (3) may be regarded as an empirical formula taking into account the devia- 
tion of the nuclear moments of inertia from their values given by the hydrodynamic 
model. MacDonald in his work investigated only rotational states having spin 2. 
In this case, as was shown in Ref.8, one cannot establish which corrections are 
more significant: those for the nonadiabatic conditions or those for deviation of 
the moments of inertia from their hydrodynamic values. Hence, MacDonald's at- 
tempts to restrict the corrections only to choice of the value of the parameter 
p cannot be regarded as justified (see below). 

Davydov, Rabotnov & Chaban® investigated rotational states of a nonaxial nu- 
cleus with three arbitrary principal moments of inertia. It was shown that if 
one expresses the energy of all the rotational states in dimensionless units 

E(J 
6 (J) = iy Where E,(2) is the energy of the first excited state, the energy of 
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rotational states with spins 3 and 5 will be directly determinable from the ex- 


perimental ratio b= ty by means of the formulas 
1 


e(3)=148& ee (5)=4+8 Gy(0).—= 1:-L.4E 


regardless of the specific values of the nuclear moments of inertia. The energy 
of rotational states with other spin values proves to depend not only on the para- 


meter £, but also on another parameter n, which can vary in intervals defined in 
terms of £ by means of the inequalities 


O— 949 < 8F— 1, if pee. 
The actual value of the parameter n depends on the motion of the nucleons, 
which determine the corresponding values of the moments of inertia of the nucleus. 


In particular, if the moments of inertia are characterized by Eqs.(1), the values 
of 7) are given by the expression 


(4) 


£2 
S 


= Nhyd 49 (ae E): 


Fig.4 shows the ¢ dependences of the energy ratios »,(4) and «,(4) for differ- 
ent values of nj satisfying inequalities (4). The hatched region corresponds to 
values of n lying between Nhyd 2nd np, cor- 


é,(4) responding to moments of inertia determined 
Sug by means of the MacDonald formula (3) taking 
fo B=ps Os. 


We note that the values of n, satisfy- 
ing inequalities (4), correspond to all pos- 
sible relationships between the principal 
moments of inertia and in particular to re- 
lationship which are not realized in a nu- 
cleus. For example, the case of rotation 
of a solid sphere (Ij = Ig = I3; § = 1), is 
identified by the cross in Fig.4. The same 
thing may be said of cases for which j is 
close to zero. 

At present it is commonly assumed that 
nuclear moments of inertia are intermediate 
between the values deriving from the hydro- 


12 


6 
dynamic model and the model of a solid. The 
theoretical calculations of Migdal? lead to 
168 182 the same conclusion. Hence the actual re- 
— lationships between nuclear moments of iner- 
g Ti y's ca tia apparently correspond to values of 4 for 


which the ¢,(/J) ratios are shifted from the 
hydrodynamic values in the direction of the 
regions identified by hatching in Fig.4. 
Taking this into account, we can readily 
show that the «¢ (/) ratios change little with 
_ Fig.4. Variation of the energy ra- the variation of n allowable for nuclei. The 
tio of two rotational levels with variation of the energy ratio is particular- 
spin 4 with the value of the para- ly small for § >4. 

meters and n. (MD = value from 

the MacDonald formula.) 


4 6 We 
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Most all the now available experimental ratios s, (4) lie below the possible 
(in the adiabatic approximation) theoretical values given by the hatched area in 
Fig.4, while the experimental values of «, (4) lie below the theoretical ratios for 
all values of n satisfying inequalities (4). This shows that agreement with ex- 
periment cannot be improved in going over from the hydrodynamic moments of iner- 
tia to the intermediate values (between the hydrodynamic and the solid body model). 
As will readily be apparent from Fig.4, if we formally choose a relationship be- 
tween the three principal moments of inertia that is not realized in an actual 
nucleus but improves the agreement of the experimental values of the ratio e, (4) 
we at the same time impair the agreement for the ratio «, (4). Thus it can be as- 
serted that the deviation between theory and experiment is due to use of the adia- 
batic approximation in performing the calculations. 

The analysis carried out in Ref.8 gives reason to hope that investigation of 
the corrections to the adiabatic approximation can be based on the hydrodynamic 
approximation for the principal moments of inertia of nuclei. 

A theory of collective excitations for nonaxial even-even nuclei taking in- 
to account the interaction of rotational and vibrational states was developed in 
the work of Chabanl90, Chaban showed that the strength of the coupling between 
the rotation and B-oscillations of the nuclear surface depends on the magnitude 
of the dimensionless parameter § = 2—'6/B,,, i.e., is proportional to the ratio of 
the parameter f, characterizing the deviation from spherical symmetry, to the am- 
plitude f,, of the zero order oscillations of the nuclear surface. Separation 
of the rotational motion from the vibrational is possible only for values of 
& > 2.5. For smaller values of 5, coupling between the rotation and the oscilla- 
tions is so strong that such separation becomes meaningless and one can speak only 
of collective excitations. At values of 5 <1 the collective motions again reduce 
to one type, namely, to oscillations of the nuclear surface. 

As was shown by Chabanl9, for 8 > 3 the correction to the vibrational energy 
owing to coupling with oscillations of the nuclear surface may be approximated by 
the formula (2), where FE (J)is the energy of the i-th rotational level having 
spin J; and b is a parameter characterizing the given nucleus. The magnitude of 
b depends on the height of the first excited level with spin 0, corresponding to 
B-oscillations. For 5 < 3 the corrections to the adiabatic approximation become 
large and are no longer given by the simple formula (2). 

The nuclei Hg!98, Fe56, Ca110 and Call4 are characterized by values of 5< 2. 
For these nuclei, therefore, the corrections to the adiabatic approximation are 
large. Values of 8 > 3 obtain for 0s!92, 05190, 05188, 05186, fyr166, Er168, py160, 
Gd156 and a number of other nuclei. The rotational states of these nuclei are 
fairly well described by adiabatic theory. Nuclei such as Gdal54 and Sm152 occupy 
an intermediate position, i.e., for them § lies between 2 and 3. 

Chaban also showed that the relation ¢(3) = €,(2) + ¢,(2) of the theory of non- 
axial nuclei is relatively insensitive to corrections for adiabaticity. Hence 
it cannot serve as a measure of the deviation from adiabatic behavior. This is 
in agreement with the deductions of Grigor'ev & Avotina based on analysis of the 
experimental data. 

If we assume that the nuclear charge is uniformly distributed through the 
volume and that the principal moments of inertia are characterized by formula 
(1), we find that the relative probabilities for E2 transitions between rotation- 
al levels of a nonaxial nucleus, taking into account the corrections to the adia- 
batic approximation, are determined primarily by change in the value of the para- 
meter y attributed to the given nucleus. Taking into account the corrections to 
the adiabatic approximation as regards the height of the levels leads to a small 
(~5%) decrease in the value of y calculated by the adiabatic approximation equa- 
tions. Experimental determination of the probability for electromagnetic transi- 
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ae between excited nuclear states is still far from accurate (the errors in- 
volved are of the order of 20 to 40%). In fact, in some cases the data of dif- 


ferent authors differ by up to an order of magni 
gnitude. Hence at present detailed 
_comparison of theory with experiment is difficult. 


III. Theory of rotational states of odd nuclei 


In odd nuclei the energy of single nucleon excitations often only insignifi- 
cantly exceeds the energy of rotation, hence in investigating rotational states 
one must bear in mind the possibility of nonfulfillment of adiabatic conditions 
as regards both oscillations of the nuclear surface and single nucleon excitations. 
In a number of cases, apparently, interaction of the rotation with the single nu- 
cleon motion may be significant. This interaction may greatly alter the structure 
of the rotational spectrun. 

In investigating the rotational states of an odd nucleus we will proceed from 
the Hamiltonian proposed in the work of Bohr & Mottelson: 

ae I? SI J,—i;) a 2 = 

i= 2 ae Hy, + TB {cos ¥ (373 — f°) +V3 (72? —72) sin x}, (5) 
where the /; are the three principal moments of inertia of the nucleus, defined by 
Eq.(1), and the /; and j; are the three projections of the operators of the total 
angular momentum of the nucleus and the momentum of the outer nucleon, respective- 
ly. The first term in (5) corresponds to the operator of the energy of rotation 
of the nuclear core; H,is the Hamiltonian of the outer nucleon, located in the 
central symmetrical part of the core field. The last term in (5) represents the 
operator of interaction of the outer nucleon with the nonspherical part of the 
core field. 

Authors have generally investigated systems described by the Hamiltonian (5) 
with y = 0, which corresponds to the model of an odd axially symmetrical nucleus. 
The energy spectrum of such a system depends on the coupling between the angular 

momentum J of the outer nucleon and the angular momentum of the rotation: 


Bees: (6) 


The coupling between these momenta is determined by the relative roles of the 
interaction of the nucleon with the nonspherical part of the potential well, on 
the one hand, and of the rotation of the nucleus, on the other hand. The role of 
the latter is determined by the separation between neighboring rotational levels. 
If the energy of the first interaction is large compared to the energy difference 
between the rotational levels, we have a case of strong coupling; if the opposite 
inequality obtains - weak coupling. Obviously, there may be intermediate cases 
between the two extreme ones. One should also bear in mind that the energy dif- 
ferences between neighboring rotational levels increase with increase of f, and 
at certain values of R they may exceed the binding energy of the nucleus with the 
nonspherical part of the potential. Thus in one and the same nucleus a case of 
strong coupling may go over into a case of weak coupling. 

In the case of strong coupling in an axially symmetric nucleus the integral 
of motion is the projection © of the angular momentum of the nucleon on the nu- 
clear axis. It must be noted that the total angular momentum of the nucleon in 
general may not be an integral of motion. This case was considered in the work 
of Bohr & Mottelson. In the case of weak coupling the projection of the angular 
momentum of the outer nucleon on the nuclear axis does not have a definite value. 

An attempt to extend the case of strong coupling to nonaxial odd nuclei was 
recently undertaken by Davidson (Rensselaer Polytechnic, Preprint 1959). Davidson 
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found the eigenvalues of the Hamiltonian obtained from (5) by discarding all 
terms except 


eM 
Hy=F UT. 


Such extreme simplification of the problem is admissible (with some approxi- 
mation) for axial odd nuclei, but is not justified for nonaxial odd nuclei. Da- 
vidson obtained an explicit expression for the energy of the states with spins 


J = 1/2 and 3/2: 9 


Py aint 
3\ 45 — (—1)' 12 V9 — 8B sin? (34) at 
Ei(z)= 8 sin? (37) ea 


The energies of these states and of other states with spins J <9/2, obtain- 
ed by numerical calculations, are plotted in Fig.5 in 72/4B BR? units. Virtually 
E, arb.units identical results were obtained earlier by Filippov 

(private communication). A shortcoming of this 
20 Nie simplified model is that the energy of all levels 
E,(9/2) (including the ground state) tends to infinity in 
going over to axial nuclei (y-0). However, the 
level energy differences (J) — F,(#/.) remain finite. 

With a view to investigating the influence of 
6(8/2) coupling of the nuclear rotation with the motion 
£(7/2) of the outer nucleon on the rotational states, well 

consider the case of weak coupling of the outer nu- 
10 cleon with the nonspherical part of the nuclear po- 
tential. The extreme case of weak coupling in a 
Nate system described by the Hamiltonian (5) is realized 
when the outer nucleon is in states with quantum 
5 number 7; =1/,. Obviously, the interaction of the 
£,/3/2) outer nucleon with the nonspherical part of the 
core potential in an actual nucleus is not described 
£ (4/2) precisely by the last term in (5), which is commu- 
0 ‘ tative with the operator j?. Because of this the 
Ae ode ew total momentum of the nucleon is not always an inte- 
Fig.5. Energy E (in 77/4B ? gral of motion. There is reason to assume, however, 
units) of the rotational that in some nuclei, when the admixture of states 
states of odd nuclei for the with j+-'/, is small, there will be realized a case 
case of weak coupling (after of weak coupling even when B is not very small. In 
Davidson). the case of weak coupling, in the first approxima- 
tion the coupling of the outer nucleon with the 
nonspherical part of the core potential can be neglected. 

First, let us consider in this approximation the rotational states of an 
axial nucleus. Usually in nuclear physics in investigating single nucleon states, 
it is assumed that the nucleus is not rotating. If the nucleus is rotating, the 
rotational and nucleon motions affect each other. Let us assume that this influ- 
ence can be described by an operator proportional to the scalar product of the 
corresponding angular momenta. Then in the weak coupling approximation the 
Hamiltonian of an axial nucleus will be of the form 


“a 


E,{5/2) 


15 


[| 


H = AR? +WRj+ Hp, (7) 


- 831 - 


where A is a parameter determined by the moment of inertia of the nucleus, and 


Wis a parameter characterizing the strength of the coupling between the momentum 
of the outer nucleon and the rotation angular momentum. 


It should be noted that Zaretskii & Shut'kol2 already made an attempt to 
take into account the additional interaction of the nucleon spin with the rota- 
tion of the nucleus. The operator of this interaction, which they called quasi- 
magnetic interaction of the nucleon spin with the rotation, was chosen by analogy 
with "Gund's case b" for diatomic molecules in the form 


1(R+1)s, 
where Lis the operator of the nucleon orbital angular momentum, and S is the 


nucleon spin operator. ; 
Invoking (6), we find Ry = = (J?— R? — )?). Inserting this value and (6) into 


So) 


t 


(7) , we readily obtain the mean value of operator (7) in the state with definite 
values of f and J and / = !),: 


E=AR(R+1)4+ "(0 +1)—R(RLD LE, (8) 


The quantum number #, corresponding to rotation of an even nuclear core, 
takes on only even values, consequently 


1 1 
ee yea 
Inserting this value into (8), we finally obtain 


EV) =A{I(J +1) + a(—1"(F + Zh 4B, (9) 


where 
Ww 


As regards form, Eq. (9) agrees exactly with the formula of Bohr & Mottelson 
for the case of strong coupling with K —02= 1/2. However, the physical meaning 
of the constant ais now different. In the work of Bohr & Mottelson the para- 
meter a is defined by 


am — Sy(— 1-47 + FIG 


where |(;|*? is the probability that the nucleon in a given state will have angular 
momentum /. 

| According to (9), interaction of the outer nucleon with the rotation of the 
nucleus leads to shift and splitting of the rotational levels of the nuclear core. 
For W/A <4 the ground state of the nucleus corresponds to core at rest and has 
spin 1/2. For W/A>4, the spin of the ground state of the nucleus equals 3/2, 
i.e., the nuclear core in the ground state rotates. 
In the case of nonaxial odd nuclei the nuclear core has the shape of a tri- 
axial ellipsoid. In this case, with weak coupling (j='/,) the Hamiltonian of the 
core and the outer nucleon can be written eqylon form 

: (a= ji; 


a 2 
i=1 sin? ‘eine a ni) 
The variation of the eigenvalues of this operator for the cases y = 10° and 

y = 22° as a function of the dimensionless parameter ) is shown in Fig.6. In 


Zz 
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Fig.6. Energy of the rotational states of odd nonaxial nuclei (weak coupling case 
j=.) as a function of the parameter y, characterizing the coupling of the rota- 
tion momentum with the momentum of the nucleon. 


Ref.1l we calculated the probabilities for E2 and Ml transitions between the rota- 
tional states of nuclei that pertain to the case of weak coupling. 

It should be emphasized that the theory of rotational states of nonaxial nu- 
clei is still in a very early stage of development. 


IV. Theoretical calculations of the equilibrium shape of nuclei 


The problem of the equilibrium shape of a nucleus with one outer nucleon was 
investigated by Bohrl3, In his work, Bohr postulated that the shape of the nu- 
cleus remains axially symmetric and determined the deviation from spherical sym- 
metry. Filippov!4 showed that in the case of one nucleon outside the closed 
shells precise solution of the problem without recourse to this simplification 
leads to the same results as the approximate solution deduced by Bohr. 

In the presence of several nucleons outside the filled shells investigation 
of the equilibrium shape of the nucleus becomes appreciably more complicated ow- 
ing to the necessity of taking into account correlation in the motion of the out- 
er nucleons. This correlation appears because of direct interaction of the outer 
nucleons with each other and also because of the Pauli exclusion principle. 

Davydov & Filippov!5 investigated the equilibrium shape of a nucleus on the 
assumption that a pair of outer nucleons of the same type interacts with the core 
as a whole. It was shown that this assumption in a number of cases leads to a 
nonaxial shape. Filippovl4 investigated the opposite case, when one can neglect 
the interaction between the outer nucleons, i.e., when the correlation in the mo- 
tion of the outer nucleons is due only to the Pauli principle. Filippov showed 
that-in the presence of three nucleons in the shell with j=5/2 the energy mini- 
mum of the nucleus corresponds to the nuclear shape characterized by the nonaxi- 
ality parameter y = 1/6. In the general case, however, partial filling of the 
shell with nucleons of one type leads to an axial shape. When the shell is less 
than half filled the energy minimum corresponds to a nuclear shape with 7 = 7/3, 
i.e., to an oblate ellipsoid of revolution with its symmetry axis parallel to 
the Y axis. When the shell is more than half filled, the energy minimum corre- 
sponds to y = 0, i.e., the nucleus is a prolate ellipsoid of revolution with its 
symmetry axis aligned with the Z axis. Hence in nuclei in which one shell is less 
than half filled with protons (neutrons), while another shell is more than half 
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filled with neutrons (protons) the equilibrium shape of the nucleus may not have 
an axial symmetry axis. Filippov showed that the configurations 


9 


ON Sy2)> aaa cena 


a 


give rise to a nonaxial shape. 


Thus correlation in the motion of the outer nucleons leading to competing 
axial deformations of the nucleus along the Y axis and the Z axis can, in a nun- 
ber of cases, result in a nonaxial shape of the nucleus. The nuclear shape will 
be close to axial when one of the competing factors predominates over the other. 
This situation obtains in strongly deformed nuclei. 

Studies carried out by Filippov substantiate the calculations carried out 
earlier by Geilikman!® and Zaikinl7, who consider the equilibrium nuclear shape 


for specific forms of single particle potential, but without taking into account 
spin-orbit interaction. 


Moscow State University 
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GAMMA-RADIATION FROM THE C135(n,y)C136 REACTION 
- L.V.Groshev, A.M.Demidov & V.N. Lutsenko 


Some years ago we measured the spectrum of y-rays emitted in thermal neutron 
capture by C135 by means of a magnetic Compton spectrometer with a resolution of 
2 percent.+ In the present report we give the results of new measurements of the 
same spectrum, obtained with the Compton magnetic spectrometer described in Ref. 
2, which also contains a description of the experimental arrangement. 

For these measurements we used NaCl: weight of sample - 1.3 kg; dimensions - 
50 x 100 x 190 mm. We chose this salt because the presence in the spectrum of the 
lines accompanying B-decay of Na24 gave us two useful reference points for plot- 
ting the calibration curve. Inasmuch as the thermal neutron capture cross section 
for chlorine is 33.6 barns, while for sodium it is 0.505 barns, there could be 
evinced in the spectrum only the most intense lines from the Na23(n,y)Na24 reac- 
tion. The energies of these lines were precisely known from our earlier measure- 
ments with the old instrument. 

The y-spectrum obtained by subtracting the background from the experimental 
spectrum is reproduced in Figs.1 & 2. This background is due to a number of caus- 
ed. First, there is the background radiation from the reactor channel. This part 
of the background was measured with a similar sample but surrounded with a layer 
of boron carbide. The background radiation 0.477, 2.223, 4.944 and 7.363 Mev 7y- 
lines, which are due to the Bl0(n,qa,y)Li7, H(n,y)D, C12(n,7)c1l3 and Pb207 (n, 7) Pb208 
reactions, were not subtracted from the experimental spectrum inasmuch as their 
intensity changes when the sample is surrounded with boron carbide. 

The second cause giving rise to a background is detection by the spectro- 
meter of electron pairs produced in the converter. This part of the background 
was determined by measuring the positron spectrum; to this end both magnet fields 
were reversed. We also subtracted the coincidences due to electrons ejected from 
the window of the separator and chance coincidences, which amounted to ~0.5 coinc/ 
/3 min. The total background subtracted from the experimental spectrum amounted 
to 2 coinc/3 min at 1 Mev and 10 coinc/3 min at 5 Mev. 

In the table below we list the energies and intensities of the resolved 7- 
lines. In determining the y-ray energies we used the calibration curve plotted 
on the basis of a number of reference points (see Ref.2). In evaluating the in- 
tensities we took into account the spectral response of the spectrometer (in par- 
ticular, the influence of electron scattering in the converter and pass-through 
counter) and the energy dependence of the y-ray absorption in the sample and 
along the path from the sample to the converter. In the energy range from 1 to 
8 Mev the absorption coefficient for the sample changes by a factor of ~1.5; the 
absorption in the channel by a factor of ~1.9. 

The intensities listed in the table are expressed in terms of the number of 
photons per 100 captured neutrons. They were obtained by normalizing all the 
energy carried off by the y-rays to the neutron binding energy. The error in 
determining the absolute intensities is evaluated to be 10% for the intense lines, 
and may be as great as 50% for the weak lines and y-lines with hy 0.6 Mev. 

While chlorine has two stable isotopes: C135 and C137, 99.6% of the captures 
occur in C135, Hence one can safely attribute all the observed y-lines to transi- 
tions in C136, 

Utilizing the data from the table we constructed the scheme of y-transitions 
in C136 reproduced in Fig.3. In constructing the scheme we also used the data on 
the level energies obtained by Paris et al* in investigating the (d,p) reaction. 
In this work the level diagram was investigated in detail only up to 4.04 Mev. 


We shall discuss the higher lying levels below. The neutron bindin 
° energy wa 
taken from the work of Giese & Benson®. Z “ i 


not entirely excluded. 


ee 


high accuracy. 
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We note that in our case the accuracy in determining the li i 
determined primarily by the uncertainty in the energy RSs peewreneriaceteiet 
were used in plotting the calibration curve. Since this does not affect the rela- 
tive energies, the energy difference between close lines could be determined with 

This in conjunction with the possibility of more precise measure- 
ment of the y-line energies in the region below 2 Mev, enabled us to determine 
the energy of some levels more accurately than was done in the work of Paris et 
al4, These more accurate data are listed in the extreme left column in Fig.3. 

The angular distribution of protons from the (d,p) reaction was investigated 
by the photographic plate technique by Teplov®. The values of the orbital momenta 
found by Teplov are listed at the extreme right in Fig.3. We note that the angu- 


lar distributions determined by Teplov for high-lying states pertain to groups of 
levels. 


For the initial C135 state we assume / = 2, inasmuch as neutron capture in 


the thermal region is determined primarily by the negative energy (-120 ev) level 
with spin and parity 2+ (Brugger et a1§), However, an admixture of 1+ state is 


In constructing the transition scheme shown in Fig.3, we first plotted the 
y-lines for which the energies within the limits of the experimental error agree 
with the level energy differences reported by Paris et al4. Some transitions 
could be inserted in more than one location; in these cases we have indicated by 
dashed lines the transitions that appear more doubtful in view of the available 
intensity data. 

After plotting these transitions, we still had a number of y-lines, apparent- 
ly, corresponding to cascades passing through levels lying above 4.04 Mev. Some 
of these y-rays may form two-step cascades. Assuming the existence of such cas- 
cades, we introduced into the scheme levels with energies 4.138, 4.589, 4.757, 
5.016, 5.516 and 6.344 Mev. 

The results of coincidence measurements on the y-rays from the C135 (n,y) C136 
reaction obtained in the investigations listed under Refs.7-10 are generally in 
agreement with our scheme. 

We note two interesting features in the scheme for C136; the existence of 
two close levels at 1.957 and 1.949 Mev, and the presence of a very intense low 
energy transition between the 2.467 and 1.949 Mev levels. A skeletal scheme 
showing the levels of particular interest is given in Fig. 4. 

Teplov”, measuring the angular distribution of protons for the 1.95 Mev lev- 
el, found that it corresponds to a mixture of orbital momenta O and 3, ed can 
only be explained by postulating the existence of two levels. Paris et al* de- 
tected only one level having an energy of 1.952 Mev. Sege110, heir rae co- 
incidences of the y-rays following thermal neutron capture in Cl, found that 
the relative intensity of the transitions departing from the 1.95 Mev level varies 
depending on whether it is fed by the cross-over 6.621 Mev transition from the 
initial state or by the 6.110—-0.518 Mev cascade. On the basis of his results 
Segel inferred that there are two levels at this energy (1.95 Mev). 

In our spectrum the existence of two levels at 1.95 Mev was clearly evinced 


in the splitting of the peak at this energy. This peak and its resolution into 


hown in Fig.5. 
wo y-lines with a separation of 8 +1 kev are s 
‘ 46x the basis of the 6.621 Mev y-rays alone, we cannot determine which of the 
levels of this doublet is fed by the transition from the initial state. However, 


from the fact that the energy difference between the 6.621 and 6.110 Mev y-rays 


(0.511 + 0.002 Mev) is less than the energy of the 0.5.8 + 0.002 Mev sae: A 
would follow that the 6.621 Mev transition feeds the 1.957 Mev level, and the 
6.110—0.518 Mev cascade populates the 1.949 Mev level. Analysis of the cascades 
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Fig.l. NaCl y-spectrum in the hy range from 4.8 to 8.7 Mev 
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Fig.1. continued 
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Fig.2. NaCl y-spectrum in the hy range from 0.2 to 4.8 Mev. 
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Fig.2. continued 
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Fig.3. Scheme of y-transitions in c136, 


substantiates this inference (see Fig.4). It also follows from this analysis 
that the 1.949 and 1.957 Mev states must be partially depopulated by a 1.16— 
—0.79 or 0.79—1.16 Mev cascade, which is in good agreement with the data of 
Sege1l9 obtained from analysis of the coincidence spectra. At present we can- 
not decide between the alternate sequences of the 0.79 and 1.16 Mev y-rays inas- 
much as the sum of their energies within the limits of the experimental error 
agrees with either 1.949 or 1.957 Mev. 

The high intensity of the transition between the 2.467 and 1.949 Mev levels 
gives reason to assume that this is an electric dipole transition. The existence 
of such a transition imposes certain limitations on the choice of assignments for 
the levels listed in Fig.4, if we assume definite values for the angular momentum 
of the initial state (2+ or 1+) and the multipole order of the transition from 
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the initial state to the 
2.467 Mev level. This transi- 
tion (6.11 Mev) is the most 
intense of all the transitions 
departing from the initial 
level and, consequently, it 
must be either El or Ml. Ac- 
0.316 — —o— —o— — — 7 P cordingly, we carried out spin 
| | and parity assignments for 

the four possible variants, 
taking into account the or- 
bital momenta determined by 
Teplov. The results are shown 
in the table in Fig.4. 

To illustrate the reason- 
ing employed in arriving at 
the different spin and parity 
assignments, we give the de- 
io —* : 121 2 tailed steps for variant "d": 

ie | bg inasmuch as the 6.11 Mev 
transition is El, the assign- 
ment for the 2.467 Mev level 
may be O-, 1l- or 2-. The fact 
that there is no intense transi- 
tion from this level to the 


1,165 , ° omer ai 55 1h bs ie 
0,787 | dg tat 7+ yt zgt 24 can give preference to 0-. The 


ground state indicates that we 
| : | | existence of an El transition 


Ground state 
Angular momentum 

Multipolarity of the 
6 Mey transition 


10 05 8,5 


between the 2.467 and 1.949 Mev 
levels requires that for the 
1.949 Mev level /, = O rather 
than 3, and, consequently, of 
the two possible assignments 
1+ and 2+, we must choose 1+. 
Then for the 1.957 Mev level 
Fig.4. Part of the C136 y-transition scheme and we have J, = 3 (j, = 7/2), and 
four versions of the spin and parity assignments. J™ = 2-, 3-, 4- or 5-; the ex- 
: istence of the intense 6.621 
Mev transition narrows the assignment to 2-. For the 1.60 and 1.16 Mev levels, 
which have J, = 0, we must make the assignment 2+, inasmuch as there are no in~ 
‘tense transitions from these levels to the 2.467 Mev level. The fact that there 
is no transition between the 2.467 and 0.787 Mev levels and that there is a transi- 
tion to this level from the initial state limits the possible assignments to 0+ 
- Bieter analyses were carried out for the other variants. 
It must be noted that more or less serious pbjecttons can be raised against 
each of the variants. Thus in variants i a s Seen: Mev Ml transition 
lative to the 0.5 ev . : 
Z Tree Scubeamente it is difficult Me ee Sea chek sa ae of 
ative to the U. ev ° 
. ee Bascee ste ehiddéonene of the 2.467 Mev transition relative to the 
0.518 Mev transition is satisfactorily explained, but this yar dee pce 
"by" involves the assumption that the assignment for the initial s ’ 
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4,960 hy, Mev 


Fig.5. Resolution of the 1.95 Mev doublet. 


which is in conflict with the data 
of Brugger et al®, if we accept that: 
capture in the thermal region for 
C136 is determined primarily by a 
negative energy resonance. 

Trumpy? investigated the angu-: 
lar correlation for the 7.42—1.16 
Mev cascade and found that the facto) 
a, multiplying cos? @ in the expres- 
sion for the angular correlation 
equals 0.092 + 0.025. On the basis 
of this value he came to the conclu- 
sion that this cascade has the char- 
acteristics 1+ (M1) 2+ (86% Ml + 14%. 
E2) 2+, which is in good agreement 
with the assignment arrived at in 
variant "d". It can readily be 
shown, however, that the above value 
for a, is also consistent with 
2+ (M1) 1+ (ml) 2+. 

Thus, on the basis of the pres- 
ent data, it is impossible to choose 
between the four assignment variants. 


No. hy, Mev Ts % No. hy, Mev Fy 
(+ 8, 573-40, 004** 3,1 33% 3,822+0,004 1,8 
2x 7, 786-0 ,005 8.2 34% 3,.742+0,006 0,4 
3 7,440-40,005 129 35% 3,596+0,005 0,5 
4x 6,9740,005 2.7 36% 3566-0, 004 1,2 
5x 6, 6240, 005 13,6 37 3,510-40,004 0,8 
6 6, 423-40, 008 0:3 38 3,435+0,004 1,0 
7* 6, 344+0,008 0,3 39 3,383+0,004 0,5 
8 6, 266-40, 006 0,8 4G* 3, 338-0, 005 0.8 
gx 6,110-+0,005 25,2 41* 3,121+0,004 0,9 

10 5,959--0, 006 0,3 42* 3 067-0 ,004 3,6 

14% 5, 902-40, 005 1,3 43x 3,024--0,004 0.8 

19% 5,715-4.0,004 6.4 44x 3,002.0,005 1,4 

13% 5, 5854.0, 005 0.8 45% 2, 980-+0,004 1.4 

14x 5, 518-0, 004 1,5 45% 2,896-+0,005 0,6 

15% 5, 246-0, 005 0,6 46* 2, 868-.0,003 5,9 

16% 5,016-£0,004 0.6 47% 2,852+0,004 0.8 

17* 4,981+0,004 4,2 48* 2,810-40, 004 0,7 

19% 4, 757-40, 005 0,3 49* 2,681 +0, 003 1,5 

19% 4,732.0 ,004 1,0 50% 2628-10004 0.5 

20% 4,613-0,004 0,7 51* 2,535-40,007 0,7 

24x 4,5€9--0,005 0,3 52% 2) 498-0,003 0,5 

22 4,5472-0, 008 0,4 53% 2477-0, 003 0,5 

23% 4,52210,005 0.6 54% 2,42210;004 0.5 

24x 4, 444-40 ,004 1,1 55% 2,235-L0,003 0/8 

25 4,417-40,006 0,5 56* 2,,033-L0,007 1,2 

26 4,298-0,C04 0,5 57% 1,957-0,003 10,0 

27 4,203-E0,005 0,2 58* 1,949.0,003 18,5 

28% 4,138-+0,008 0,2 59% 1,636-£0,003 1.4 

29 4,080-0,004 0,7 60x 4,597-0,003 2.2 

30% 4,053-40,004 0,7 61s 1.329.002 13 

34% 3, 980-.0,004 1.2 62* 1,165-0,002 27,5 

32% 3,957--0,007 0,3 63% 0,792--0;002 18,0 

64x 0,518-++0,002 ALO 


*Line plotted in the y-transition scheme. 


**This energy value was taken from the work of Giese & Benson? and used as a 
reference point in determining the transition energies. 


- 843 - 


References 


1. L.V.Groshev, A.M.Demidov, V.N.Lutsenko & V.I.Pelekhov, Atlas spektrov 
luchei radiatsionnogo zakhvatateplovykh neitronov (Atlas of thermal neutron 
apture y-ray spectra), M., 1958. | 

2. L.V.Groshev, A.M.Demidov, V.N.Lutsenko & A.F.Malov, Present issue of 
he Bulletin, p.794. 

3. C.T.Giese & J.L.Benson, Phys.Rev., 110, 712 (1958). 

4. C.H.Paris, W.W.Buechner & P.M.Endt, Phys.Rev., 100, 1317 (1955). 

5. 1.B.Teplov, Zhur.eksp.i teor.fiz., 31, 25 (1956). (Trans.Sov.Phys.-JETP. ) 

6. R.M.Brugger, J.E.Evans, E.G.Joki & R.S.Shankland, Phys.Rev., 104, 1054 
(1956). 

7. A.L.Recksiedler & B.Hamermesh, Phys.Rev., 96, i109 (1954). 

8. V.R.Burmistrov, Izv.AN SSSR, Ser.fiz., 23, 902 (1959), (Trans.Bulletin, 
23, 890); Atomnaya energiya, 7, 260 (1959), (Trans.Soviet Jour.of Atomic Energy) . 

9. J.E.Draper & A.A.Fleischer, Bull.Amer.Phys,Soc., II, 4, 476 (1959). 

10. R.E.Segel, Phys.Rev., 113, 844 (1959). 

11. G.Trumpy, On the Determination of Nuclear Spin by the Study of Neutron 
Capture Gamma Rays, Blindern, Oslo, 1957. 


y 


EIN ENTREE NO 


- 844 - 


GAMMA-SPECTRA OF THE ISOTOPES IN THE LANTHANUM FRACTION FROM 
SPALLATION OF TANTALUM 
- E.P.Grigor'ev, S.L.Sakharov & V.0.Sergeev 


The y-spectrum of the lanthanum fraction separated from the rare earth pro- 
ducts obtained as a result of bombardment of a tantalum target with 660 Mev pro- 
tons was investigated on the automatic scintillation spectrometer described in 
Ref.1. 

Among the lanthanum isotopes there were detected Lal35 and Lal32, which 
have periods of 18 hr and 4.2 hr, respectively. Lal35 was recently investigated 
in detail by Mitchell et al2 who proposed a decay scheme for this isotope. We 
observed the most intense 470 kev line and the x-ray component, the intensity of 
which fell off with a period of 18 hr. Availability of the decay scheme enabled 
us to determine the relative yield of Lal35 from the nuclear reaction. 

The y-spectrum of 4-hour lanthanum is extremely complicated. Hence owing 
to the relatively low resolution of our instrument we are unable to indicate the 
energies and relative intensities of the y-lines with good accuracy. The most 
intense lines are evinced only by small rises in the spectral curve; they have 
the following energies: 1.0, 1.5, 2.3, 3.0 and 3.3 Mev. We found that the inten- 
sities of all the lines with energies exceeding 1 Mev fall off with the same peri-: 
od. Observation of the decrease in intensity over a time equal to 10 half-lives 
yielded an average value of T = 4.2 + 0.1 hr. 

The decay curves plotted for different sections of the y-spectrum are shown 
in the accompanying figure. 
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13 
Lal32 ~ pal32 ang Lal33 — Bal33 mass differences 


Lal32 decays by emis- 


(in Mev) sion of positrons with an 
end-point ener of 3.8 
Ms difference Calculated Experimental Mev (Refs.5 & ae while 
according to data Lal33 decays primarily by 
electron capture. 
Levy- |Cameron From We did not observe 2 
Riddel Ref. y-spec- 4-hr component in the x- 
Ref.6 trum radiation; on the other 


hand, the intensity of 
3.3 most of the y-lines fell 

off with a period of ~4 

hr. From this it may be 
soncluded that if Lal33 was present in our fraction, the amount present was less 
shan 10% with respect to the amount of Lal32, This inference is substantiated by 
somparison of the disintegration energy with the Lal32 - Bal32 and Lal33 - Bal33 
mass differences calculated by means of the semi-empirical formulas of Levy® and 
‘ameron’?. The calculated results are compared with the experimental data in the 
accompanying table. 

It will be evident from the table that the probability of y-rays with energy 
exceeding 2 Mev in the decay of Lal33 is negligible; hence all or most of the 
nigh energy y-radiation must belong to Lal32, 

The decay scheme for Lal32 is not known, hence one cannot determine the nun- 
ber of photons of any given energy per disintegration. However, one can evaluate 
the number of disintegrations of La!32 at a given moment from the x- and annihila- 
tion radiations and then compare this number with the number of disintegrations 
of Lal32, Then knowing the time elapsed since bombardment, one can determine the 
ratio of the yields of Lal32 and Lal35, We carried out the calculations and ob- 
tained 100:80. Noteworthy is the fact that the yield of Lal33 ig appreciably 
lower. Yet according to the formula of Rudstam® the yield of this isotope should 
not be less than the yield of Lal32 or Lal35, 


al32 ae Bal 32 
al33 - Bal33 
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DETERMINATION OF THE PERIODS OF Dy159, Hol60m, Tm166 AND Lul73 
- E.P.Grigor'ev, 0.V.Larionov, M.K.Nikitin, S.L.Sakharov & V.0.Sergeev 


The investigated isotopes - Dy159, Hol60m, Tm166 and Lul73 -~ were obtained 
by bombardment of a tantalum target with 660 Mev protons in the Joint Institute 


for Nuclear Research synchrocyclotron. 


The rare earths were first separated 


chemically from the target, and then the individual elements were separated chro-> 


matographically. 


Procedure 


For determining the periods we used the standard B-2 equipment and MST-17 


end-window counters with thin mica windows. 


The counters were carefully select- 


ed as regards length and slope of the plateau, magnitude of the operating volt- 
age, stability in operation with time and under different loads and as regards 


intrinsic background. 
by lead shields. 


The counters were protected against extraneous radiation 
The source was mounted immediately in front of the window and 


fixed in position by means of the counter cap, so that the geometry remained con- 


stant during the entire measurement time. 


The sources were surrounded on all 


sides with aluminum foil, which obviated loss of radioactive material due to 
crumbling or flaking (such loss may obviously result in apparent reduction of 


the observed period). 


The counter load at beginning of measurement did not exceed 104 pulses/min; 
the total number of pulses recorded by any counter during an experiment did not 
exceed 108, the characteristics of the counters did not noticeably change during 


the measurement period. 
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50 100 150 200 

t, days 
Fig.1. Dy159 decay curves: 1) T = 141 + 10 
days according to the data of the first 
counter, 2) T = 138 + 10 days according to 
the data of the second counter. 


Since it was difficult for us 
to check whether the efficiency of 
the counters remained constant dur- 
ing the course of the measurements, 
one can only judge of the accuracy 
of our results by comparing our 
values with the most precise measure 
ments of other investigators and to 
some degree from the rectilinearity 
of the semilogarithmic decay plots. 


Dy159 

Dy159 served as the control 
isotope. In other investigations 
this isotope was obtained by the 
Dy158 (n,y)Dy159 and Tbh159(dq,2n)Dy15§ 
reactions and its period was deter- 
mined with good accuracy: T = 134 
days (Butement!), 140 days (Ketelleé 
and 144.4 + 0.2 days (Ketelle & 
Brosi3). 

Our curves, obtained on the 
basis of measurements with three 
different counters, are shown in 
Fig.1; the average value is T = 
= 139 + 10 days, which is in good 
agreement with the above periods. 
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Fig. 2. Fig. 3. 


Fig.2. Hol60m decay curves: 1) T = 4.73 + 0.10 hrs based on data of the first 
counter, 2) T = 4.79 + 0.10 hrs based on data of second counter, 
3) T = 4.77 + 0.10 hrs based on data of third counter. 
Fig.3. Tm166 decay curves: 1) T = 7.68 + 0.10 hrs based on data of first 
counter, 2) T = 7.80 + 0.08 hrs based on data of second counter. 


The spectrum of Hol60m has 
been thoroughly investigated by a 
number of authors; however, the 
values reported by different authors 
differ appreciably (Table 1). Hence 
we felt it would be of interest to 
obtain an accurate value of the 
half-life. Our Hol60m source was 
prepared by repeat separation of 
this isotope from the erbium frac- 
tion. Inasmuch as the only long- 
lived isotope in the erbium fraction 
was Erl60 (7 = 30 hrs), it was the 
only impurity evinced in the activi- 
100 200 300 400 %,days ty of our Hot60m source. Having 

'Fig.4. Lul73 decay curve: T = 480 + 30 days. measured the decrease in the count- 
: ing rate over a period of 2 weeks, 

it was easy to take into account the effect of this impurity. 


370 


J, 60 


The mean value 
Table 1 obtained from three 
Period of Hol60M according to the data of lata of different authors series of measure- 


ments is T = 4.76 + 
Ref. 6* Refs.| Ref. Ref.4 
7-10 11 


Our data + 0.10 hrs. The 


decay curves are 
shown in Fig. 2. 
*Wilkinson & Hicks® erroneously attributed the 4.6 hr 
activity to Hol6l, Since the rather 
Z accurate determina- 
tion of the period of Tml66 py Wilkinson & Hicksl2 other investigators of this iso- 
tope did not pay particular attention to determining its half-life. The values 


4.76 + 0.10 
Tm166 


=*s4ge— 


Table 2 obtained by Wilkinson & Hicks and 
Period of Tml66 according to the data of other authors together with our data 
different authors are shown in Table 2. 


Our source was free of impuri- 
Ref.12 Refs.| Ref. Our data ties inasmuch as it was obtained as 
7,13 14 a result of repeat separation of Yb 
and Tm. That any possible admixture 
7.74 + 0.08 of Yb isotopes was insignificant is 
proved by the fact that after com- 
plete decay of the Tml66 insertion of the source yielded no appreciable increase 
of the counter background. The decay curves are shown in Fig.3. 


Lul73 


Table 3 
Periods of Lul73 according to the data of different authors 


18 
150-200 160 


Our data 


T,days 


Our measurements on Lu!73 were started 9 months after bombardment of the 
tantalum target and separation of the lutetium fraction, when all the short-lived 
isotopes had completely decayed. Before starting the measurements we again puri- 
fied the lutetium to remove possible impurities. Measurements extended over a 
period exceeding 1 year. The result is shown in Table 3; the decay curve is giv- 
en in Fig.4. 

We also recorded the y-spectrum of Lu!73 py means of a scintillation spectro- 
meter. The spectrum is shown in Fig.5. It 
agrees with the spectrum of Lul73 given by 
Gorodinskii et a11l4, 

It will be evident from Table 3 that 
there is an appreciable difference between 
the values of the period obtained in the in- 
vestigations listed under Refs.10, 15 & 16 and 
the values found in investigating the lutetium 
fraction separated from a proton bombarded 
tantalum target (Refs.14, 17 & 18). It will 
be noted, however, that our results are close 
to the data of the first group of studies and 
differ appreciably from the results obtained 
in the investigations carried out in the Radi- 
um and Physical-Technical Institutes in Lenin- 
grad. Possibly underestimated values were ob- 
tained in the work of Refs.17 & 18 owing to 
Fig.5. Gamma-spectrum of Lul73, loss of active material due to crumbling or 

flaking of the source, inasmuch as we under- 


stand that in these experiments no special measures to prevent such loss were 
taken. 
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TANTALUM ACTIVITY FORMED BY PROTON BOMBARDMENT OF TANTALUM 


GAMMA-SPECTRA OF THE 
cs M.K. Nikitin, S.L.Sakharov & vV.0.Sergeev 


- E.P.Grigor'ev, 0.V.Larionov, 


The investigated activity was obtained by bombarding 4 tantalum target with 
660 Mev protons in the Joint Institute for Nuclear Research synchrocyclotron. 
The tantalum was first separated from the nuclear reaction products, mainly rare 
earths and hafnium, and then repurified chemically. The radioactive tantalum ; 
isotopes were investigated on the automatic scintillation y-spectrometer describ- 


ed in Ref.1. 
The observed y-lines can be divided into two groups on the basis of their 


periods. 

The intensity of the 115 kev line at first fell off rather rapidly (T ~ 8 hr) 
and then with a period of 58 + 10 hr. Corresponding components were also observ- 
ed in the x-radiation. Comparing these results with the data on tantalum isotopes 
in the literature, one can attribute these lines to the decay of 53 hr Tal77, Ac- 
cording to Mann et al2 and Felber3 the most intense line in the y-radiation of 
this isotope is located at 113 kev. 

The intensity of the strongest y-lines in the spectrum of the tantalum frac- 
tion fell off with a period of 8-11 hr. The line energies and relative intensi- 
ties are listed in Table 1; the spectrum up to 400 kev is shown in Fig.1. 


Table 1 
Energies and relative intensities of Ta isotopes 
decaying with a period of 8-11 hr 


Ey, Kev 95 115 +5 210 + 10 270 350 500 1150 1700 
(KX) 
I, 100 10 tf 2 2 0.3 0.7 0.3 


Two tantalum isotopes with close periods are known, namely, 8 hr Tal76 (Refs. 
3 & 4) and 11 hr Tal75 (Ref.5). We could not assign the lines observed in the 
energy regions to 1500 kev to a definite isotope owing to complexity of the spec- 
trum and the inadequate resolution of our instrument. On the basis of comparison 
of our data with the results of Felber? and Mihelich et al> it may be asserted 
that both isotopes were present in our tantalum fraction. 
We investigated the high 


Table 2 energy part of the y-spectrum 
Energies and relative intensities of the hard to 3.5 Mev particularly tho- 
—— Pinang OF the 8 he fantaius isotope Rove ye ee 
ent sources. 
Ey, Mev rend) 2.2-2.3 Zed 2.8 It was established that 
Iy 3 1 Osa 1 the intensity of different sec- 


; tions of the spectrum in the 
energy region above 1.5 Mev fell off with the same period: T= 8 +1 hr. This 
section of the y-spectrum is shown in Fig.2. We carried out a resolution of the 
y-spectrum into components on the basis of the recorded shapes of the following 
lines: Th 2.614 Mev, Na24 1.37 & 2.76 Mev and Zn65 1.12 Mev. The results of this 
analysis are given in Table 2. 

On the eee of their period the high energy y-lines may be attributed to 
the decay of Tal76, Hitherto only two lines with energies of 88.3 and 202.1 kev 
have been observed’ in the spectrum of Tal76, In view of the fact, however, that 
according to the tables of Cameron® and Riddel-Levy’ the Tal76 - H£176 mass dif- 


f 437 : 
mel76. is 3437 or 2722 kev, one can expect population of high-lying levels in 


aoe t: 


- 851 - 


N,c/min 


2000 7500 
7500 
5000 
5000 
1000 2500 
2500} & 
2 0 
| by, Mev 
Fig.2. Gamma-spectrum of the tantalum 
fraction (Ey to 3.1 Mev). 
0 100 200 300 400 
ge 
rel On the other hand, the Tal75 - 
Fig.1. Gamma-spectrum of the tantalum Hf£175 mass difference according to 
fraction (Ey to 400 kev). Cameron and Riddel is only 1.8 Mev. 


This supports our assignment of the 
high energy y-lines to the decay of Tal76, Accepting this assignment, the Tal76 


- Hf176 mass difference evaluated on the basis of our data on the spectrum of 
Tal76 should be greater than 3 Mev. 


Elaboration of the decay scheme for Ta176 must await investigation of its 
conversion electron spectrum with a high resolution spectrometer. 
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MEASUREMENT OF THE MEAN LIFETIME OF Lul75 IN THE 113.8 kev EXCITED STATE 
- V.P.Bozhko, I.1I, Zalyubovskii & A.I.Tutubalin 


the lifetime of the first excited state of Lul75, which forms 

he fast-slow coincidence circuit pictured in 
lying level and the intensity of the B-branch 
to it amounts to only 5% of 

the total number of disintegra- 
tions of Yb175 (Ref.1), exact- 
ing requirements are imposed 

on the experimental conditions, 
for it is necessary to dis- 
tinguish soft B- and y-radia- 
tions of low intensity against 
an intense high-energy back- 
ground. Hence the channels of 
the equipment must have an ade- 
quate amplitude discrimination, 
and the coincidence circuit 
must have good time resolution 
Fig.1. Fast-slow coincidence circuit: 1) FEU-33 with a high selection coeffici- 
photomultiplier, 2) stilbene crystal, 3) linear ent. In addition, there are 
amplifier, 4) band-pass filter, 5) differential the obvious difficulties con- 


We measured 
in B~-decay of Y175, by means of t 
Fig.l. Inasmuch as this is a low- 


discriminator, 6) shaper, 7) discriminator, 8) nected with the short lifetime 
amplifier, 9) fast coincidence register, 10) of Ybl175 (4.2 days). In view 
slow coincidence register and shaper, 11) of these difficulties, there 

counter, 12) multiple channel analyzer. have apparently been no direct 


measurements of the lifetime 
of the 114 kev state of Lul75, Although de Waard3 made an attempt to determine 
the lifetime, he obtained only an evaluation of the upper bound: 2-10-9 sec. 

The radiation detectors employed in the present work were stilbene crystals 
(2 in Fig.1) coupled to FEU-33 photomultipliers. The crystal detecting the y- 
radiation was not affected by B-particles inasmuch as these were stopped by an 
aluminum absorber. The crystal detecting B-particles had a thickness of 1 mm and 
was virtually insensitive to y-rays. Thus the experimental conditions correspond- 
ed to the "nonsymmetrical case" described by Gol'danskii et al3. The potential 
on the photomultipliers was 3.8 kev, which insured the necessary pulse height. 
The pulses were shaped by shorted sections of RK-2 cable connected to the PM an- 
odes. Equally narrow pulse height intervals were selected in both channels by 
means of differential discriminators (5). 

Fig.2 shows the experimental delayed B-y and y-B coincidence curves. The 
self-comparison procedure employed automatically excludes systematic deviations 
introduced by the photomultipliers and the associated electronic equipment.4 The 
separation between the centers of gravity of these delayed coincidence curves 
is equal to twice the lifetime of the level: 2t. The statistical error in 2T was 
determined by means of the expression 


At = V D, 7 (1) 


*See Ref.3. 
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wherein I] is the total number of counts for the en- 
tire curve, T' is the resolving time for the given 
case and a is a coefficient that depends on the 
shape of the coincidence curve. 

After correction for the statistical uncertain- 
ty and the error introduced by inaccuracy in cali- 
brating the variable delay line, we obtained the 
following value for the period: 


N, coinc/min 


T = 0.692t = (3.6 + 0.6)-10719 gee. 


It is impossible to find the lifetime of this 
level directly from the data of Coulomb excitation®, 
inasmuch as de-excitation occurs by a mixed transi- 
0 TR ey 7 7 tion, so that one must have independent data on the 

Delay proportion of the multipole mixture, the magnetic 

moment, and the internal and collective ¢g factors. 

Fig.2. Delayed B-y (1) and If one uses the data on the total conversion coef- 
y¥-B (2) coincidence curves. ficient and reduced transition probability for the 


Each division on the hori- 114 kev level from the work of Martin et al6, and 
zontal scale equals 1.55: the data of Hatch et al’ and Bernstein8, evaluations 
“1079 sec. give approximately 1.1:10-19 sec for the lifetime 


of this state. Following Martin et al, in these 
calculations the admixture of E2 is assumed to be 20%. 
Using our value for T, we found the multipole order proportions to be 80% 
E2 + 20% Ml. The calculations were carried out by means of the equation 


1 4 
ap Ey = (t+ ar) + 2) P (£2) (2) 
T, (E2) 


where a AT aT ET T, is the y-transition probability per sec, and « is the total 
+) 


conversion coefficient. 

This proportion of E2 to Ml leads to a value for the gyromagnetic ratio gx 
somewhat lower than that given by theory. The theory for a uniformly charged nu- 
cleus gives g,= Z/A +~0.41. Such deviation of g; to the side of lower values as 
compared with theory has been observed in a number of cases.? 

Even now one can advance a tentative explanation for the tendency towards 
lower values of g, for rotational levels such as, for example, the 114 kev level 
in Lul75, 

We still do not know precisely what character of motion in the nucleus leads 
to the presence of rotational states. Inasmuch as the gyromagnetic ratio is es- 
sentially the mean specific charge of the nucleons contributing to the energy of 
rotation, low values of ¢ indicate that only part of the nucleons participates 
in the rotational motion. In order to determine how large this part may be it 
, is necessary to carry out careful and systematic comparisons of the gyromagnetic 
ratios and moments of inertia of nuclei, obtained independently from experiments 

on Coulomb excitation and measurements of the lifetimes and magnetic moments of 


excited nuclei. 
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GAMMA-RADIATION FROM Zr25 + Nb25 
- N.A.Voinova, B.S.Dzhelepov & N.N. Zhukovskii 


We investigated the y-radiation from Zr95 + Nb95 by means of the Elotron un- 
der standard conditions.! The activity was in the form of a 5 g sample of zir- 
conium sulfate, Zr(S04)9, obtained from fission products. The measurements were 
carried out with a source in which the 65 day Zr 5 was approximately in equili- 
brium with its daughter, 35 day Nb95. At the start of the measurements the acti- 
vity of the source was ~0.8 curie. 

The experimental recoil electron spectrum is shown in the accompanying figure. 
In the energy interval from 100 to 1200 kev there are evident only two lines with 
energies of 720 + 5 and 762 + 2 kev according to the calibration of our instrument. 
The half-width of the 720 kev line (~2%) within the limits of the statistical un- 
certainty is equal to the apparatus line width at this energy. This line belongs 
to Zr95 (Refs.2-7). The 762 kev line had an appreciably greater (0.5%) width 
than the apparatus width. According to the data of other authors, there are ob- 
served in the 700 to 800 kev interval in the electron spectra of Zr95 and Nb995 
K and L conversion lines associated with a 757 + 2 kev transition in Zr95 (Refs. 
4-6, 8 & 9) and a 767 + 1 kev transition in Nb95 (Refs.3, 6, 8-13). 

On the basis of our data it is impossible to resolve these two lines and 
evaluate their relative intensities. 

After making appropriate corrections for self-absorption in the source, the 
spectral response and the decay of the zr95 and Nb9° in the course of measurements, 
we arrived at a value of 0.14 + 0.02 for the intensity ratio of the 720 and 762 
kev y~lines. 

We observed no noticeable rise of the spectrum curve above the background 
in the energy region from 100 to 720 kev. If there are any lines in this energy 
region their intensity cannot be greater than 0.6% the intensity of the 762 kev 
line. In the energy region above 770 kev there are no lines with an intensity 
exceeding 0.5% the intensity of the 762 kev line. 
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GAMMA-RADIATION FROM Tp1L60 


- N.A.Voinova, B.S.Dzhelepov, N.N. Zhukovskii & Yu.V.Khol 'nov 


means of two recoil electron 


The y-radiation from Tb160 was investigated by 
The source was 0.46 g terbium 


spectrometers, namely, the Ritron and the Elotron. 


oxide, the initial activity of which was ~800 mC. 
The 80 to 300 kev section of the spectrum was investigated on the Ritron 


(modified as described in Ref.1) by observing photoelectrons. The radiator was 
a bismuth target with a superficial density of 3.7 mg/em2. 
In Fig.l one can clearly discern the following photoelectron lines: L-86, 
K-196, K-214, K-298 and L-298. The deviation of the left-hand side of the K-298 
line from the standard line shape may be due to the presence of K-253 and K-276 

lines in the spectrum. 

The 200 to 1700 kev interval of the spectrum was investigated by observing 
recoil electrons under the usual operating conditions for the Elotron and Ritron 
(Refs.1 & 2). The experimental curves are shown in Figs.2 & 3. 

In the recoil electron spectrum obtained on the Elotron (Fig.2) there are 
evident 11 peaks: of these only the peaks having energies of 298, 392, 1003 and 
1311 kev, according to our calibration, have a width close to the apparatus width. 
The experimental 765, 880, 965, 1113, 1179 and 1274 kev lines are 0.6, 0.3, 0.4, 
0.2, 0.2 and 0.4%, respectively, wider than the corresponding apparatus lines. 

We assume that the broadening of these lines is due to low intensity y-rays hav- 
ing close energies. 
AL aMeelactie 


[| eae ae, é 
500 7000 7500 2000 2500 


at 160 @ 
Fig.l. Tb photoelectron spectrum obtained by means or the Rincon 
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Fig.2. Tb160 recoil electron spectrum obtained by means of the Elotron. 


In the 650-770 kev energy region, according to the data of Backstrém et al3, 
there are y-lines with energies 681 and 764 kev. In this energy interval we dis- 


tinguished a y-line with hy = 684 kev. The section of the spectrum corresponding 
to the 765 kev line may be represented as the sum of two y-lines with energies of 
747 and 765 kev. 


In the work of Grigor'ev et al4 there are indications that in the conversion 


electron spectrum of Hol60 there are evinced K and L conversion lines associated 


with two transitions having energies of 873 and 880 kev. We inscribed an 880 kev 
energy apparatus line into the experimental curve at 880 kev; the excess of re- 


coil electrons on the left side of this line corresponds to a line due to 871 kev 
i 7 y-rays hd 


The observed 965 kev y-line is undoubtedly comprised of the two known TpL60 


; y-lines: 962.5 and 966.3 kev, the intensity ratio of which, according to Backstrom 
et al° who observed photoelectrons, is 1:2.3. 
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Fig.3. Tb160 recoil electron spectrum obtained on the Ritron. 


On the right-hand side of the 965 kev line there is a minor rise which we 
attribute to 1003 kev y-rays. These y-rays have not been hitherto observed. 

The 1113 kev line (energy value according to our calibration) is located on 
the left-hand side of the intense 1179 kev line. As resolved, the width of the 
1113 kev line is approximately 0.2% greater than the width of the corresponding 
apparatus line. It may be assumed, therefore, that it consists of two lines of 
close energies. Accordingly, we inscribed into the experimental plot two lines 
on the assumption that the energy of one of them is 1115.0 + 1.7 kev (Backstrom 
et al3); we then obtained an energy of 1110 + 5 kev for the second line. The 
best agreement with experiment is obtained if it is assumed that the intensities 
of these two lines are approximately equal. 

On the right-hand side of the 1179 kev line there is clearly evinced a line 
with hy = 1200 kev. The 0.4% broadening of the 1274 kev line is presumably due 
to the presence of y-rays with hy = 1260 kev. No y-rays of this energy have 
hitherto been observed in the radiation from Tb169, 

Fig.3 shows the recoil electron spectrum obtained under higher luminosity 
conditions on the Ritron. There are evident six peaks located at 298, 392, 880, 
970, 1180 and 1274 kev. 

In the Hp = 5900 to 6000 region there is some rise of the experimental points 
above the background. In this region, according to Keshishian et al5, there are 
y-rays with an energy of 1447 kev. On the basis of our data, we can only evalu- 
ate the upper bound for the intensity of these y-rays: 0.2% the intensity of the 
965 kev y-rays. A special search carried out by means of the Ritron showed that 
if there are any y-rays in the 1450 to 1900 kev region their intensity does not 
exceed 0.05% the intensity of the 965 kev y-line. 

Thus, through analysis of the experimental curves (Figs.1-3) we distinguish- 
ed 17 y-lines and determined their relative intensities. There are reports in the 
literature regarding the existence in the spectrum of Tb160 of a number of other 


yey eae lines. For some of these we could only evaluate the upper intensity 
ound. 
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The evaluated ener- 
gies and relative in- 
rom py? tensities of the ob- 
. PL LLAL TS served y-lines are 
listed in the accom- 
panying table, to- 
gether with the ex- 
perimental data of 
other authors. Until 
now there have not 
been available reli- 
able data on the 
relative intensities 
of the y-rays accom- 
panying the decay of 
Tb160 in the entire 
energy range: the 
data obtained by means 
of scintillation spec-— 
trometers®-11 are not 
accurate owing to the 
low resolution charac- 
teristics of such in- 
struments; the rela- 
Fig.4. Decay scheme for Tb160, tive intensities de- 
duced from photoelec- 
tron observations by Grigor'ev et al4 comprise an appreciable uncertainty (up to 
16-20%) . 

All the y-lines observed in our experiments fit into the level diagram for 
Dy160 (Fig.4) constructed on the basis of investigations of Tb160 and Hol69, The 
experimental evidence that the y-spectrum of Tb160 includes an 871 kev line gives 
reason to infer that the transition between the 1156 and 284 kev levels of Dy160 
is observed not only in the decay of Hol60 (Ref.4) but also in the decay of Tb160, 

The new 1003 kev line discovered by us can be inserted in the scheme between 
the 1287 and 284 kev levels. 

The intensity balance for all levels is satisfactory: the average discrepan- 
cy does not exceed 5%. The greatest divergences are obtained for the high-lying 
levels, which may be attributed to the lack of accurate data on the intensities 
of the B-transitions feeding these levels. 


18-10 sec 


"v.G.Khlopin"” Radium Institute, 
Academy of Sciences of the USSR 
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DETERMINATION OF LEVEL SPINS AND PARITIES FROM INELASTIC SCATTERING AND 
THE PICK-UP REACTION ON Be2 
- O.F.Vemets, L.S,Saltykov, M.V.Sokolov & Yu.V.Tsekhmistrenko 
ie | The choice of an appropriate model for the Be? nu- 
cleus is determined to a certain extent by the spin and 
| parity of the first excited level. For the case of 
! strong spin-orbit coupling according to the Klinkenberg 
| model the assignment for the first excited level of Be9 
should be 5/2+; for intermediate coupling? and for the 
Q-particle model? the assignment should be 5/2-. De- 
spite the appreciable number of studies devoted to the 
spin and parity of the 2.43 
Mev level, so far these 
parameters have not been 
definitively established, 
which is what led us to 
investigate the angular 
distribution of inelasti- 
cally scattered 6.8 Mev 
protons and 13.6 Mev deu- 
terons from this nucleus. 
The (p,d) and (d,t) 
reactions were investigated 
for elucidating the nature 
of the mechanisms involved 
at the indicated proton and 
deuteron energies. 
The deuteron and mole- 
; cular hydrogen ion beams 
Fig.l. Angular distribution of inealstically scat- were obtained from the cy- 
tered protons, Q = -2.43 Mev; 1 - experimental data. clotron of the Institute 
- Theoretical curves: 2 - direct interaction of the of Physics of the Ukrainian 
- incident proton with one nucleon of the nucleus’; SSR Academy of Sciences. 
3 - excitation of rotational levels in the a- The experimental geometry 
particle model? of Be?; 4 - dipole electric od and the scattered ene 
action8; 5 - quadrupole electric interaction”. and triton detector in the 


at 


200 


100 


RAE 
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do/dw, arb.units Fig.2. Angular distribution case of the (d,t) reaction 
of inealstically scattered were the same as in the 
deuterons, Q = -2.43 Mev: work of Ref.4; the in- 
1 - experimental data; 2 - elastically scattered pro- 
theoretical curve taking tons and deuterons from 
into account nuclear and the (p,d) reaction were 
200 electric interaction. recorded by means of a 


scintillation spectrometer. 

Fig.1 shows the angu- 
lar distribution of in- 
elastically scattered pro- 
tons together with the re- 
sults of calculations based 
on direct interaction of 
the incident proton with 
one nucleon of the nucleus, 
excitation of rotational 
levels in the Q-particle 
model,? and electric inter- 
action® (dipole and quadru- 
pole). 

In the range of small 
angles best agreement with 
experiment is given by 
curve 4, corresponding to 
dipole electric interaction, 


100 


do/dw, arb.units Fig.3. Angular distribution of although the values of the 
deuterons from the Be9(p,d) Be. effective radius proved to 
\ reaction: 1 - experimental be very large (r = 20.4 f?- 
Wi, data; 2 - theoretical curve for In the region of large 
200 ! \ the case of interaction of the angles, however, no satis- 
\ ‘ incident proton only with the factory agreement with 
\ \ odd neutron; 3 - theoretical theory is obtained. 
\ \ curve based on the Born approxi- The angular distribu- 
\ mation. tion of inelastically 


scattered deuterons is 
given by curve 1 in Fig.2. 
The rise in the region of 
small angles (if one does 
not assume an anomalously 
large radius) can be due 
only to electric interac- 
tion; hence for explaining 
the angular distribution 
we consider jointly the ef- 
fects of electric and di- 
rect nuclear interactions. 
Because of interaction 
of the neutron with the nu- 
clear core one can attri- 
bute to it an effective electric charge ae; then the interaction of the odd neu- 
tron in Be” with the proton in D90 will be described by Coulomb's law, while the 


interaction with the neutron can be described by means of an effective 8-type 
potential. 


100 


0 20 40 60 80 100 120 140 O¢ 


Lae 


- where 


SRN 
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Given the above assumptions, 


the cross sect 9 
with J = 2 will be ection for the final state of Be 


Ales 
81Mw , 


4 k 
o (0) = arc tg? je aco in (°/9kR 2 
ie 276: ar ie jaar jee ) cos (2 kR)|f (1) 


where y= )/Me,, w is a parameter of the oscillator potential acting on the 


Yr 


2 outer nucleon in Be?, and 
5 ¢ is an empirical parameter. 
a 2 Curve 2 in Fig.2 cor- 
2 responds to ” = 3 Mev, R = 
3 = 4f and = 0.01. On the 
NI - : ; assumption that /,, = 3, no 
S Fig. 4. Angular distribution . satisfactory agreement with 
200 of tritons from the Be9(d,t)Be> ., experiment can be obtained. 


reaction: 1 - experimental data; Phiseiterotlows trron 
2 - theoretical curve based on inelastic scattering of 
calculations in the Born approxi- protons (Al = 1) and from 


mation. inelastic scattering of 
deuterons (J, = 2) that 
the spin and parity of the 
2.43 Mev level are 5/2+. 
The experimental angu- 
lar distribution of deu- 
terons from the (p,d) re- 
action is shown by curve 1 
in Fig.3; curve 2 gives 
the results of calculations 
for the case when the inci- 
dent proton interacts poe 
with the unpaired neutron”; 
curve 3 gives the results 
for calculations carried 


100 


60 80 100 120 140 0, 


out in the Born approximation29, The value of J, in both cases was taken equal 


to 1 in accord with the known spins of Be? and Be® (3/2- and 0+, respectively). 
The results of investigation of the (d,t) reaction are given by curve 1 in 
Fig.4. As in the case of the (p,d) reaction, there can be no doubt regarding 
the direct mechanism of the process (this is substantiated by the results of ob- 
servations at other deuteron energiesl1-14) , 
In the Born approximation (for a triton function of simple form) the angular 


‘distribution for interaction of the deuteron with a neutron in the 3/2 state is 


Bx 1 
o(d, t= sr arc tg" qq ih) Gap 5 (2) 


8 = “Sh 3 —o f 
Results of calculations in this approximation are given by curve 2 in Fig.4. 
The writers desire to express their gratitute to M.V.Pasechnik for his in- 
terest in the work, Yu.A. Bin'kovskii for preparation of the target and the staff 
of the Cyclotron Laboratory for assistance in carrying out the experiment. 
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SPINS AND PARITIES OF C13 LEVELS 
- N.I.Zaika, O.F.Nemets & M.A. Tserineo 


In this report we give the results of the measurements of the differential 
-eross sections and angular distributions of protons from the C12(q,p)c13 reaction 
at deuteron energies of 4.65, 7.15, 9.55, 12.1 and 13.3 Mev. The deuteron beam 
with initial energy 13.6 Mev was obtained from the cyclotron of the Physics Insti- 
tute of the Ukrainian SSR Academy of Sciences. The initial deuteron energy was 
reduced by means of aluminum absorbers located in front of the target. An auxili- 
ary collimator was mounted after the absorbers. The uncertainty in determining 
the deuteron energy was +200 kev. 


The experimental geometry and the proton detector were the same as in the 


work of Ref.1, except that an additional absorber was installed at the entrance 
of the chamber in order to minimize deuteron pulses in the amplifier channel. 


f d6/d@, arb.units 
@6/a2, arb.units a6/a2, arbeunits 5 
a 


40 60 120 Ooams 
40 80 120 Oc.m. 40 80 OB oa we 
Fig.l. Fig.2. = Fig.3. 
Fig.l. Angular distribution of protons from the CAican)S “s, reaction. Deuteron 
energy 13.3 Mev; ~» = 4.6 f and J, = 1. 


Fig.2. Same as Fig.1 but for Eq = 12.1 Mev (1) and Eg = 9.55 Mev (2). 


= e PANE = he e 
'Fig.3. Same as Fig.1 but for Eg = 7.15 Mev (1) and Eq = 4.65 Mev (2) > 77, f 


Figs.1-3 show the angular proton distributions corresponding to the ground 


j i i ding to the three lowest 
_ state of cl3; Figs.4-6,the proton distributions corresponding 


i 3 and 12.1 Mev. 

; i cl13 for deuteron energies of 13. 

te ccnrarincn with theory? one can make the following DD eS ncn ee 
the Sana state and the first three excited states: 1, 0, 1, and 2, respectively. 


“Then, in view of the fact that the spin of cl2 is 0+, we obtain for the respective 
ae 9 


- - d ‘3/2+ or 5/2+. 

spi - or 3/2-, 1/2+, 1/2- or 3/2-, an 

OE esi ae ae Lease eth intermediate coupling’, the corresponding 
rs Cc 


states have spins 1/2-, 1/2+, 3/2- and 5/2+. 


i i £ d 

The an i i i d ng ) excited states. is in ‘OO 

gular proton distribution correspon al, t : 
agreement with the distribution according to the theory of the stripping reaction. 
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Fig. 4. Fig.5. 


Fig.4, Angular distribution of protons from the c12(d,p)C13* reaction, correspond- 
ing to the first excited state, for Eg = 13.3 Mev, 


ro = 4.6 f and /,= 0 for the 
3.09 Mev level. 


Fig.5. Angular distribution of protons from the C12(d,p)C13* reaction, 
corresponding to the second and third excited states, for Eg = 13.3 


Mev and 7, = 4.6 f: 1 - for the 3.68 Mev level, 


3.86 Mev level, J,= 2; 3- (1, = 1) + (1, = 2). 


Fig.6. Angular distribution of protons from C12(q,p)C13* reaction, corresponding 
to the first excited state, for Eq = 12.1 Mev and 7, = 4.6 f: 1 (open circles) - 
for the 3.09 Mev level, /,= 0; 2 - for the 3.68 Mev level, 


l,= 1; 3 - for the 
3.86 Mev level, 1, = 2; 4 (crosses) - (1, = 1) + (in = 2). 


In the distribution of protons corresponding to the ground state, however, there 
are anomalies that are worth noting. 


lL, = 1; 2 - for the 


The variation of the cross section at large angles for deuteron energies up 
to 7.15 Mev and above 9.55 Mev are different: the main peaks in the first case 
are wider than the theoretical ones, and in the second case, narrower. 


A similar 
difference was observed by other authors at energies lower* and higher’ than our 
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proton energies. This may be connected with contributions from reactions other 

than stripping, contributions that may differ at different energies. 
Measurements of the differential cross sections for angles corresponding 

to the peak in the angular distribution were carried out by means of a current 


_integrator® for protons corresponding to the ground state at deuteron energies 


at 7.15, 9.55, 12.1 and 13.3 Mev; the cross section values obtained were 24, 18, 
14 and 13 mb/sterad, respectively. 


The error in the cross section measurements is evaluated to be +30%. 
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Zagreb, Yugoslavia 


References 


1. N.I.Zaika & O.F.Nemets, Izv.AN SSSR, Ser.fiz., 23, 1460 (1959). (Trans. 
Bulletin, 23, 1447.) 

2. S.T.Butler, Proc.Roy.Soc. A208, 559 (1951). 

3. A.M.Lane, Proc.Roy.Soc., A68, 197 (1955). 

4. R.E.Benenson, K.W.Jones & M.T.McEllistrem, Phys.Rev., 101, 308 (1956). 

5. H.E.Gove, Ibid., 81, 364 (1951); J.N.McGruer, E.K.Warburton & R.S.Bender, 
Phys.Rev., 100, 235 (1955); R.G.Freemantle, W.M.Gibson & J.Rotblat, Phil.Mag., 
45, 1200 (1954). 

6. V.N.Dobrikov, N.I.Zaika & O.F.Nemets, PTE, 4, 23 (1958). (Trans.Instru- 
ments & Experimental Techniques.) 


- 868 - 


ASSIGNMENTS FOR THE LEVELS OF ~447-50 anp sr89 


Despite the fact that there have been quite a few investigations devoted to 
the angular distribution of particles from stripping reactions; little is known 
regarding these reactions where medium and high mass nuclei are concerned. 

In particular inferences regarding the spins and parities of different states 
of titanium isotopes on the basis of the angular distribution of protons from 
stripping reactions can be drawn only from the work of Bretscher et all who used 
10 Mev protons and Ti47 and Ti48 targets. At deuteron energies of 2.6 Mev (Ref. 
2) and 4.16 Mev (Ref.3) there is no characteristic peak in the angular distribu- 
tion curves, so that it is difficult to draw any deductions regarding the trans- 
ferred angular momenta. The same thing may be said regarding measurements on 
Sr88 with Eg = 8 Mev carried out by Holt & Marscham*, 

We undertook a series of measurements of the angular distributions of protons 
from the stripping reactions on Ti46 Ti47, 7Ti48 and Ti*2 in which the 28 neutron 
shell is almost filled and on Sr88 in which the 50 neutron shell is completely 
filled. The deuterons were accelerated to 13.6 Mev in the cyclotron of the Insti- 
tute of Physics of the Ukrainian SSR Academy of Sciences. The experimental geo- 
metry and the proton detector were the same as in the work of Ref.5, with the dif- 
ference that the entrance to the ionization chamber was covered with an absorber 
stopping deuterons. The targets were polystyrene films impregnated with appropri- 
ately enriched Ti0g or SrC03 powder. 

The presence in the target of oxygen and carbon, which have large stripping 
reaction cross sections, made it feasible to carry out measurements only for 
states with Q > 3 Mev; actually the relatively low degree of enrichment hampered 
measurements even in this region. 


mp 446 


In the case of Ti46 measurements of the angular distribution of protons for 
the ground state is of greatest interest. This is due to the anomalous value of 
the spin of Ti47, which is reported® to be 5/2 (odd pari-- 
ty). As is known, after filling of the shell with 20 
nucleons, there begins filling of the /;, state, so that 
in the case of Ti47 one might expect the spin and parity 
of the ground state to be 7/2-; the anomalous spin is 
the result of interaction of odd nucleons in the (/,,)~3 
(Ref.7) or the (j;,)° (Ref.8) configuration and, conse- 
. quently, neutron capture in the stripping reaction 
should be accompanied by rearrangement of the outer 
shell. This may be evinced either in an anomalous angu- 


d6/dw, arb.units 
SS 


0 
200 40608. am, lar distribution or a low value of the reaction cross 
Fig.l. Angular dis- section. 
tribution of protons The angular distribution of protons corresponding 


from the Ti46(d,p)Ti47 to the ground state of Ti4? is shown in Fig.l. From 
reaction; Q = 6.45 Mev, comparison with the theory? it may be inferred that this 
lL, = 3. state is associated with transfer of angular momentum 

I, = 3; hence the assignments for the ground state may 


be 5/2- or 7/2-, The latter value is in agreement with the data from direct 
measurementsl0 of the spin of Ti47, 


It should be noted that the cross section for the Ti46 (4, p) Ti 47 reaction 
(possibly Vee some contribution from the 0.16 Mev level) proved 8’ be greater 
than the Ti (dp) T199,, cross section, although in the latter case there should 


be no rearrangement of the configuration inasmuch as Ti49 
value 7/2,10 e s Ti*’ has the normal spin 
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5b Punt gh 
1d) 
an 8 TiS 
gan 7 5 y 
\ 
S x 3 In the case of Ti47 the 
oO J * hag transition to the ground state 
Al 3 of Ti48 may also be accompanied 
S2 <2 by rearrangement of the /,, 
S , 


configuration. 
As will be evident from 
Figs.2 & 3, this does not give 


0 20 40 60 BO G20 60 G0. 78b rise to any anomalies in the 
ee gh ve Ow angular distributions (the ad- 
1g. Fig.3 mixture of /, = 3 to the states 
Fig.2. Angular distribution of protons from the with in = 1 (Fig.3) is due to 
reactions: 1) (open circles) - Ti47(a,p)Ti48, the presence of Ti48 in the tar- 
Q = 8.14 Mev, /, = 3; 2) (crosses) - get). 
Ti47(d,p)Ti48*;, Q = 6.81 Mev, eae lvand (ol c= 23; The /, value (3) is con- 
Fig.3. Angular distribution of protons; sistent with the assignment 0+ 
1 - from the Ti47(d,p)Ti48* reaction; for the ground state of Ti48. 
Q = 5.83 Mev, /,= 1; 2 - from an ad- For the 1.33 and 2.31 Mev lev- 
mixture of Ti48 (d,p) Ti49; Q = 5.81 Mev, els the possible assignments 
L, = 3. are 1+, 2+, 3+ and 4+ in agree- 


ment with the results of Bret- 
scher et all, 
It should be noted that if for the ground state Q = 8.14 Mev, the energy of 
the first excited level in Ti4® equals 1.33 and not 0.986 Mev, as has been re- 
portedil on the basis of measurements of neutron capture y-rays. At the same 
time, from measurements!2 of the masses of Ti isotopes one might expect Q = 9.41 
Mev. 
Inasmuch as the ratio of the cross sections for the Ti46(d,p)Ti47 and 


a7 48 2Jar Ft, Wast+1 = 36, iti 
Ti (d,p)Ti 5. reactions should be of the order of Saat Sor , itis 


; not impossible that we failed to detect the protons from the actual ground state 
of Ti48. We plan to check this in the near future. 


Ti 48 
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Cem, 


Fig.5. Angular distribution of protons 
from the ese 1 (circles) - 
7148 (a,p)Ti#™; Q = 4.11 Mev, J, = 1; 
2 (crosses) - Ti8(d,p)Ti#™, Q = 3.41 


Mev, /, = 1 and |, = 3. 


‘Fig.4. Angular distribution of protons 
from the reactions: 1 (circles) - : 
7148 (d,p)Ti#9; Q = 5.81 Mev, /, = 9; 

2 (crosses) - Ti48(d,p)Ti#™; Q = 4.46 
Mev, Ln = Ake 


BREN 
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for Ti48 are shown in Figs.4 & 5. For the 
tae eeitact een err excited states of 7449 the transferred angular 
s arenas 1 le and 1e+53; respectively, and the possible spin and 
-~ or 7/2-, 1/2- or 3/2-, 1/2- or 3/2- and 5/2- or 1/2-. 
10 the spin of Ti49 is 7/2, which is in agreement with 


ground and l. 
momenta value 
parity assignments are 5/2 

According to Jeffries 


our results. 
449 


The angular distributions of protons for Ti4#9 are shown in Figs.6 SE. els 
asmuch as Ti°9 is an even-even nucleus the spin of the ground state is O+. 
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Fig.6 Fig.7 
Fig.6. Angular distribution of protons from the Ti49(q,p)Ti°° reaction; Q = 8.62 
Mev. 


Fig.7. Angular distribution of protons from the reactions: 1 (circles) - 
T149(d,p)Ti50*; Q = 7.04 Mev, /, = 1; 2 (crosses) - Ti#9(d,p)Ti59; Q = 
= 5,82 Mev, /, = 0; 3 (crosses) - from an admixture of Ti48(d,p)Ti?9; 

Q = 5.81 Mev, /, = 3. 


Hence the reaction with transition to the ground state of Ti°° must be ac- 
companied by transfer of an angular momentum 7, = 3. At the same time, there is 
a component corresponding to /,= 1 in the angular distribution. Possibly Ti50 
has a low-lying level which we were unable to resolve. For the 1.58 and 2.8 Mev 


levels, /, = 1 and 0, respectively, and the possible assignments are 2+, 3+, 4+ 
or 5+ and 3- or 4-, respectively. 
The isotopic composition of the titanium targets is shown in the accompany- 


ing table. 
sr88 


Isotope composition of the titanium 


targets (%) The angular proton distributions cor- 


responding to the ground and first excited 
states of Sr89 are shown in Fig.8. The re- 


Isotopes 
Target > : spective /, values are 2 and 0; accordingly, 
| ees | a | a the spins and parities are 3/2+ or 5/2+ and 
1/2+, respectively. 

ins ts ie oa 20 ae According to the shell model, for the 
TiA8 0:7 0.6 978 0'5 014 case of spherical nucleil$ after filling of 

Ti49 4,0 4,5|54,0| 37,0 0,5 the 50 neutron shell there beings filling 
of the d;, state. This is in agreement with 


& a) 


@6/dw, arb.units 
&s 
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*-Fig.8. Angular distribution of protons from the re- 
actions: 1 & 2 (circles) - Sr88(d,p)Sr89; Q = 4.32 
Mev, J,= 2 (1 - % = 7.1 f; 2- 7 = 6.2 fas 
(crosses) - Sr88(q,p)Sr89*; Q@ = 3.25 Mev, 1. = 0. 


; 


our results for the ground state. For the excited state 
( gy, according to Klinkenberg!3) no satisfactory agree- 
ment is obtained. 

We take this opportunity to express our gratitude 
to M.V.Pasechnik for his interest in the work and Yu.A. 
Bin'kovskii for preparing the targets, Yu.V.Gofman and 
V.N.Dobrikov for assistance in carrying out the measure- 
ments and to the personnel of the Cyclotron Laboratory 
for operating the cyclotron. 
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SPIN OF THE 1.38 Mev LEVEL OF Mg24 
- O.F.Nemets & G,. A. Prokopets 


Investigation of the angular distribution of protons from pure EP 
charged particles with nuclei can yield information both on the inter ia 
anism and on the spin and parity of the final state of the reacting nucleus. 

Measurements made on Mg24 show that in the 7.3 Mev energy region in the case 
of inelastic scattering of protons (see Refs.1,2 & 3), in addition to direct in- 
teraction, an important role is played by formation of a compound nucleus. From 
results of experiments on inelastic scattering of deuterons, carried out nea 
gies of 7.5 Mev (Holt & Young4) , 8.9 Mev (Hinds et al) and 15 Mev (Haffner yee i 
may be concluded that generally direct interaction predominates. Haffner° also 
notes the large contribution in the range of small angles made by electric inter- 
action of the deuteron with the nucleus’. 

In the above listed studies there were not carried out detailed investiga- 
tions in the region of small angles, although this angular region is of interest 
inasmuch as results therein can yield additional information on the mechanism of 
inelastic scattering. 

It follows from the experiments of different authors (for example, Refs.8- 
10) on determination of the spin and parity of various states of Mg24 that the 
most probable assignment for the 1.38 Mev level is 2+. 

The 1.38 Mev level may be regarded as a rotational one, inasmuch as the odd- 
odd Mg24 nucleus has collective attributes; moreover, it is strongly deformed, 
which is important from the standpoint of the inelastic scattering proton mechan- 
ism proposed by Yoshidall. 

The present work was concerned with determining the spin of the 1.38 Mev ex- 
cited level of Mg24 by detailed investigation of the angular distribution of in- 
elastically scattered deuterons and protons, particularly in the range of small 
angles. 

7 The deuteron and proton beams were obtained from the Institute of Physics 
cyclotron. The spectrometer was an ionization chamber with split electrodes, a 
design that allows of selective detection of the particles.12 

The measurements were carried out in the angular range from 2.5 to 140°, 

The steps were 2.5° in the region of small angles and 5° in the region of large 
angles. The monitor was a scintillation counter, mounted at an angle of 90° rela- 
tive to the incident beam. 

The statistical uncertainty in determining the relative cross sections was 
evaluated to be 15% in the range of large angles and up to 25% in the region of 
small angles. For angles smaller than 12.5° in the case of deuterons and 15° in 
the case of protons the results are only qualitative owing to the interference of 
the background due to deuterons elastically scattered in the target and protons 
undergoing additional inelastic scattering from the gas particles in the chamber 
and from the nuclei of the 17 mg/cm? copper foil covering the entrance to the 
ee oie target itself was a magnesium foil with a superficial density of 
1.4 mg/cm*, 

Curve 1 in Fig.1 shows the angular distribution of inelastically scattered 
deuterons obtained in the present investigation. In the same figure we give the 
theoretical curves corresponding to the mechanism of direct nuclear interaction 
according to Huby & Newns!3 (curve 2) and electric interaction according to Mul- 
lin & Guth? (curve 3). The peak at 20° can also be associated with the collective 
properties of the Mg24 nucleus, according to the theory of Mamasakhlisov & Kopa- 
leishvilil4, 


The best agreement with theory is obtained for the following parameters. 
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Interaction radius a = 6.3-10713 om in the case of 
curve 2 and 15.8-10713 om in the case of curve 3; with 
a radius a= 7-10-13 op the peak in curve 2 can be fit- 
ted to the experimental peak at @ = 20°. 

In both cases the most suitable angular momentum 
value proved to be 2, 

The experimental points for the 2.5 to 10° angular 
interval are not shown in the figure; in this range the 
cross section increases with decrease of angle. 

From comparison of the experimental results with 
theory it may be inferred that in the case of inelastic 
scattering of 13.6 Mev deuterons the predominant mechan- 
ism in excitation of the 1.38 Mev level of Mg24 is direct 
interaction. In the range of small angles, however, the 
scattering is due primarily to electric interaction. 
Comparison of our data with the theoretical curves gives 
reason to assert that the spin and parity of the 1.38 
Mev level of Mg24 are 2+. 

The angular distribution of protons is shown by 
curve 1 in Fig.2. Curve 2 gives the results of calcula- 
tions on the assumption of direct surface interaction ac- 
cording to Yoshidall, To obtain agreement with experi- 
ment in the Yoshida expression for the angular distribu- 
tion, one must, in addition to the Po term, take into 
account the P7 term, i.e., the theoretical curve in this 
case can be described by the expression 2.2 Po + Pz, 
where P;(cos 9) is a Legendre polynomial. 

From the above it may be inferred that scattering 
to medium and large angles occurs primarily with forma- 
tion of a compound nucleus. At the same time in the 

range of small angles a 

significant role must be 

played by some other mech- 
anism. 

The experimental re- 
sults in this energy re- 
gion are difficult to com- 
pare with the theory of 
direct nuclear interaction 
proposed by Austern, But- 
ler & McManus15, 

Somewhat better agree- 
ment is obtained with the 
theory of electric inter- 

-™. action’ (curve 3 in Fig.2). 


Fig.l. Angular distribution of inelastically scat- 
‘tered deuterons from the Mg24(d,d')Mg2 reaction; 
Q = -1.38 Mev: 1) our experimental data; 2) theo- 
retical curve for direct nuclear interaction, /= 
= 2, as 6.3-10713 cm; 3) theoretical curve for 
electric interaction, | = 2, a = 15.8°10-13 cm. 


Best agreement is obtain- 
ed on the assumption of 
electric quadrupole transi- 
tion with an interaction 
radius a = 24,7°10713 cm, 
Admittedly, however, so 
large a value of a appears 
questionable. 
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d6/dw, arb.units «Fig.2. Angular distribution of inelastically 
1g | scattered protons from the Mg24(p,p')Mg25* 
reaction; Q = -1.38 Mev: 1) our experimental 


| 

| data; 2) theoretical curve for the case of 

| direct interaction with the nuclear surface 

| (2.2 Po + Pz); 3) theoretical curve for elec- 
l tric interaction, /= 2, 2= 24.7:10713 cm. 
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SPINS AND PARITIES OF Ca4l LEVELS 
- N.I.Zaika,O.F.Nemets & V.S, Prokopenko 


Using he 13.6 Mev deuteron beam extracted from the Institute of Physics 

: pee totran we investigated the angular distribution of protons from the Ca4(a p) 
Ca reaction for the ground state and the 1.95 and 2.42 Mev excited states al 

the final nucleus. The experimental geometry and detectors were the same as in 
the work of Ref.1 with the sole difference that a polystyrene absorber stoppin 
all deuterons was installed in front of the chamber. ae 

Earlier experiments of Teplov & Yur'ev? involving bombardment of Ca40 with 
low energy deuterons indicated strong nuclear interaction. Hence we felt it 
would be of interest to carry out measurements at higher deuteron energies. 


a 
5 5 5 
5 Te} a] 
Ze) % <0) 
a S a 
~ 3 3 
~ RS) S 
S 8 : 
~ bs 

@ %> 
Q Aa eee) we F 
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Fig.l Fig.2 Fig.3 
Fig.l. Angular distribution of protons from the Ca40(d,p)Ca4l reaction; Q = 6.14 
Mev, /n = 3. 
Fig.2. Angular distribution of protons from the Ca40(d,p)Ca4l reaction; 
Q= 4.18 Mev, n=zl. 
Fig.3. Angular distribution of protons from the Ca40(d,p)Ca4l reaction; Q = 3.69 
Mev, n= 1. 


The experimental results are shown in Figs.1-3. The solid curves in the 
figures give the angular distributions calculated according to the theory of But- 
In all cases the interaction radius was assumed to be 6-10-13 cn. 
As indicated in the figures and captions the angular momenta transferred to 
the nucleus from the neutron are, in agreement with the earlier work of Holt & 
4 and Bockelman & Buechner”, 3, 1 and 1 for the ground, 1.95 and 2.42 Mev 


der~. 


Marsham 


states, respectively. 
Inasmuch as the spin and parity of Ca40 are 0+, the possible assignments for 


the ground, 1.95 and 2.42 Mev states of Ca4l are 5/2- or 7/2-, 1/2- or 3/2- and 


1/2- or 3/2-. 
Le The nuclear shell model for the spherical case predicts 7/2-, 3/2- and 1/2-, 


respectively. ® 

These results are also in agreement with the data obtained from analysis’ of 
_ the y-ray spectra emitted in thermal neutron capture by Ca40, 

The strong nuclear interaction detected by Teplov & Yur'ev2 is evinced at 
| Eq = 13.6 Mev only in narrowing of the experimental peak as compared with the the- 
oretical. No significant shift of the peak to the side of smaller angles is ob- 


served. 
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ANGULAR DISTRIBUTION OF PROTONS INELASTICALLY SCATTERED FROM Cr AND Ni ISOTOPES 
- M.V.Pasechnik, N.N.Pucherov & V.I.Chirko 


The present investigation was concerned with inelastic scattering of 6.8 Mev 
protons from chromium and nickel isotopes. 

The proton beam was extracted from the cyclotron of the Institute of Physics 
of the Ukrainian SSR Academy of Sciences, focused by quadrupole lenses, deflected 
30° by a magnet and then entered the 1.6 meter diameter scattering chamber. The 
scattering chamber was located outside the reinforced concrete shielding at a 
distance of 8 meters from the cyclotron. 

The target was mounted in the center of the scattering chamber at an angle 
of 45° to the incident beam. The scattered protons were detected by means of a 
scintillation spectrometer mounted on a rotating arm. The accuracy in setting 
the angles was +0.3°. The experimental procedure was in principle the same as 
that described in Ref.1. 

The energy resolution (4-5%) of the scintillation spectrometer enabled us 
to resolve proton groups associated with excitation of levels above 1 Mev, pro- 
vided the separation between levels was not too great. In particular, we clear- 
ly distinguished proton groups associated with excitation of the first excited 
states of Cr52 and Nid58, 

The targets were prepared in the form of thin 
free-standing films 2-4 w thick and were enriched 
to at least 95%. In using such nearly monoisotopic 
targets, it proved feasible to identify proton 
groups pertaining to individual excited states, 
i.e., to measure the differential partial cross 
sections. In view of the appreciable background 
connected with the presence of strong elastic scat- 
tering, measurements at angles smaller than 40° 
were not performed. We plan to undertake such 
measurements in the future after making the neces- 
sary improvements in the equipment and procedure. 
Fig.l. Energy spectrum of pro- A typical spectrum obtained for protons scat- 
tons scattered from Cr52 at an tered from Cr52 at an angle of 90° is shown in Fig. 
angle 6y, = 90°; Ey = 6.8 Mev. 1. The differential partial cross section for in- 

elastic scattering was determined from the ratio 
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Fig.2. Angular distribution 
of protons inelastically scat- 
tered from Cr°2 with excita- 
tion of the 1.45 Mev level 
(2+). 
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Fig.3. Angular distribution 
of protons inelastically scat- 
tered from Ni°8 with excita- 
tion of the 1.45 Mev level 
(2+). 
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of the areas under the peaks of elastic and in- 
elastic scattering in the energy spectrum of pro- 
tons scattered at a given angle. The differential 
cross section for elastic scattering was determin- 
ed on the assumption that in the region of 9 = 20° 
the elastic scattering obeys Rutherford's law”. 

The angular distributions of protons inelas- 
tically scattered from Cr°? and Ni98 are shown in 
Figs.2 & 3. In both cases we are dealing with 
distributions of the proton groups associated with 
excitation of the first excited state. Thus in 
both cases there is involved a 0+—+2+ transition. 

It will be evident from the figures that the 
angular distributions are primarily isotropic, al- 
though for Cr52 there is a minor hump in the re- 
gion of angles smaller than 80°. 

The other theory is based on the assumption 
of direct interaction. Simplified calculations 
show that in this case 

do . 

fe ~ Cus (GR) P, (1) 
where (; is a constant, /h is the orbital angular 
momentum carried into the nucleus, R is the radius 
of the nucleus, and ¢ =|k; —k;| is the change in 
the momentum of the proton as a result of scatter- 
ing. 

Analysis of the angular distributions in the 
case of inelastic scattering by Cr52 and Nid58 
shows that at a proton energy of the order of 7 
Mev inelastic scattering occurs primarily with 


Kikuchi et al4# in experiments on scattering of 14.1 Mev protons by Cr52 nu- 
clei with excitation of the 1.45 Mev level observed a noticeable asymmetry in the 


angular distribution relative to 90°. 
interpreted by means of Eq.(1), taking 


In this case the angular distribution was 
]= 2 and R= 6.35°10713 cm. The dashed 


line in Fig.2 shows the curve calculated by means of this formula for our case 


using the same parameters. 
agree with experiment. 


angular distribution for the process of direct interaction® 
distribution has a more complex shape than follows from Eq. (1). 


It will be seen that the calculated curve does not 
It must be noted that more precise calculations of the 


show that the angular 
Nevertheless, it 


may safely be asserted that if direct interaction does occur, in our case its con- 
tribution is minor. 
We made evaluations of the differential partial cross section for inelastic 
proton scattering associated with excitation of the following levels: 1.45 Mev 
an Ni58, 1.33 Mev in Ni60 and 1.17 Mev in Ni62, The evaluations were made in the 


140-160° region. 


Ni®° and 10 mb/sr for Ni°8). 


In the case of Ni®2 we obtained a cross section value (30 milli- 
_barn/steradian) somewhat greater than for the two lighter isotopes (20 mb/sr for 
It may be that 


the value of the cross section ob- 


tained for Ni®9 is an overestimate. 
We take this opportunity to thank the personnel of the cyclotron laboratory 


Institute of Physics, 


; for the operation of the equipment. 
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INVESTIGATION OF THE LEVELS OF C135 
- Yu.P.Antuftev, A.K.Val'ter, V.Yu.Gonchar, E,.G.Kopanets, A.N.L'vov & 
S.P.Tsytko 


Introduction 


Hitherto the S34(p,y)C135 reaction (Q = 6.373 Mev) has virtually not been 
studied. In the literature one can find only the brief communication of Hans- 
come & Malich! to the effect that in proton bombardment of a target containing 
a normal isotopic composition (S32 - 95%, S33 - 0.74%, S34 - 4.24% and S36 - 
0.017%) there were observed numerous poorly resolved resonances only five of 
which, in view of absence of induced B-activity, were attributed to the above 
reaction. The proton energies for these resonances are given as 1.37, LEGis 
1.69, 1.80 and 1.86 Mev. 

The authors also note the possibility of the existence of resonances associ- 
ated with the S32(p,y)C133 reaction (Q = 2.285 Mev) which, owing to the short 
half-life of C133 (T = 2.52 sec), it may have been impossible to distinguish from 
the resonances associated with the S34(p,yv)C135 reaction. 

The most complete data on the low lying levels of C135 were obtained by Endt 
et al2 who investigated inelastic scattering of protons by C135 and established 
the existence in this nucleus of levels with excitation energies of 1.221, 1.763, 
2.645, 2.695, 3.006, (3.165), 4.058, 4.113 and 4.174 Mev. 

Data on the parity of the first two levels in C135 were obtained in the work 
of Kistner et als, who attribute an even parity to these levels on the basis of 
their investigation of positron decay of A395, 

There are no other experimental data on the levels of C135 in the literature. 

igi shape the purpose of the present investigation was further study of 
the levels of C135 by means of the $34(p,yv)C135 reaction. We measured the exci- 


tation functions and the spectra and angular distributions y-rays from this re- 
action. 


Experimental Procedure and Results 
Excitation function 


For investigating the excitation function we used isotopic S34 targets and 
a monoenergetic beam of protons accelerated to 4 Mev in the electrostatic genera- 
tor of the Physical-Technical Institute of the Ukrainian SSR Academy of Sciences. * 
The isotopic S34 targets were prepared by knocking S34 ions into tantalum back- 
ings in an electromagnetic separator.5 The targets had a thickness corresponding 
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to the half-width of the 4-5 kev resonance peaks at a proton energy of 1.0 Mev and 
proved to be highly stable under bombardment. The temperature of the target was 
maintained at 250° and the yield from the target did not change over several days 
of work with the target. The proton current was measured by a current integrator, 
the sensitivity and linearity of which remained constant within 1% during the en- 
tire period of measurement. The proton beam was mono-energetic within 0.1%. The 
proton energy was measured by means of an electrostatic analyzer to within 40.05%. 
The y-rays were detected by a 2 cm thick, 3 cm diameter CsI(T1) crystal which 
was mounted at a distance of 3 cm from the target at an angle of 60° relative to 
the direction of the proton beam. In investigating the excitation function we de- 
tected y-rays with energies exceeding 1.5 Mev. The target chamber had a window 
covered with copper foil 0.05 mm thick, which passed positrons from the target. 
Opposite the window there was mounted a thin (0.2 cm thick, 3 cm diameter) CsI(T1) 
crystal for monitoring any B-activity induced in the target. The B-activity 
measurements were carried out simultaneously with measurements of the y-ray yield. 
The results of measurements of the excitation function for the $34(p,y)c135 re-~ 
action are shown in Fig.1. It will be seen that 44 narrow resonances are observed 
in the y-ray spectrum in the energy interval from 0.6 to 1.9 Mev. No induced ac- 
tivity was observed in conjunction with any of the resonances; hence we infer 
that all the observed resonances may be attributed to the $34(p,y)C135 reaction. 
The proton energies at which y-resonances occurred, the relative intensities 
of the resonance peaks and the corresponding level energies in C135 are listed in 
the accompanying table. In determining the excitation energies we took the Q 
value for the S34(p,y)C135 reaction to be 6.373 Mev, as listed by Endt & Braams®. 
The experimental half-width of all the resonance peaks except those at Ey = 
= 1020, 1158, 1328 and 1547 kev is 4-5 kev. This width is due apparently to the 
thickness of the target and the minor energy spread of proton beam. The half- 
width of the 1020, 1158, 1328 and 1547 kev resonances are 8, 22, 9 and 20 kev, 


Resonance energies and characteristics of the levels of 139 
evinced in the S34(p,y)C135 reaction 


a 
: j ; Level | Relative Levi R j 
poe | ee eneréy, | intensity glo a0 ceenee! anbane! Ge 

Mev | resonance Mev | resonance 

| peaks _| peaks 
n 715 | 7.067 0,6 23 1450 7,780 1,4 
2 756 | 7,407 1,0 94 | 4455 7.785 0.5 
3 838 | 7,480 0,7 25 1474 7.804 2 
4 848 | 7,196 1,8 26 1510 | 7,836 5,5 
5 881 7,228 1,4 27 4547 7.875 0:6 
6 889 | 7,236 2.4 28 14559 | 7,886 2'4 
7 928 | 7,274 3 29 4578 | 7.905 ee 
8 4020 | 7,363 4,5 30 4605 | 7.934 ee 
9 4057 | 7,399 0,9 34 1625 | 7,950 0,7 
40 4142 | 7.452 0.3 39 4650 | 7,975 1 
44 4158 7,497 0,5 33. | 4665 7,989 4,3 
12 4166 | 7,505 1.3 34 4681 | 8,005 1.3 
43 1184 | 7,522 0.6 35 1684 | 8,008 3.0 
14 4244 | 7,554 re 36 1724 8,044 3 5 
15 1227 | 7,564 1,4 37 1754 8,073 2.0 
16 4267 | 7,60 4,0 38 1760 | 8,084 2.2 
47 1286 | 7,624 1,6 39 1778 | 8,099 2.5 
18 1328 7,662 0,8 40 4794 8,112 x4 
9 1344 7,675 1,4 4A 1832 | 8.454 1.5 
20 1355 | 7.688 3\4 2 4842 | 8,464 20 
W 1378 | 7,744 we 43 1896 | 8.244 8.5 
22 1448 | 7,749 4,5 44 1904 | 8.224 5,5 
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respectively. 
Ganna-spectra and angular distributions 
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Fig.2. Gamma-ray spectrum and angular distribution for the resonance at E, = 848 
kev; a - angular distribution of 5.96 Mev y-rays, b - angular distribution of 1.22 
Mev y-rays. 

(8) For investigating the angular 
distributions and spectra of the 
y-rays we used the single crystal 
scintillation y-spectrometer de- 
scribed in Refs.7 & 8. The 3 cm 
diameter, 2 cm thick CsI(T1) crys- 
tal, which was coupled to an FEU-S 
W= 1-065 cos?@ photomultiplier, could be rotated 
about the center of the target 150° 
in either sense relative to the 
: direction of the proton beam. The 

JO SON, @ 30 60 % @ photomultiplier pulses after ampli- 
_Fig.3. Gamma-ray spectrum and angular dis- fication were fed into a 50-channel 
' tribution for the resonance at Ep = 890 kev. pulse height analyzer. 
: For obtaining the angular dis- 
tributions we investigated the spectra at different angles. The y-ray intensity 
for each investigated angle was determined from the area under the peak corre- 
sponding to the given y-ray energy. By way of y-ray monitor in the angular dis- 
tribution measurements we used a similar CsI(T1) crystal coupled to an FEU-S 
photomultiplier mounted at a fixed angle of 90° relative to the proton beam. 

The y-ray spectra and angular distributions were investigated for the Ep = 
= 848, 881, 890, 929, 1020 and 1214 kev resonances. The experimental curves for 
three proton energies are shown in Figs.2, 3 & 4. Analysis of the experimental 
spectra and angular distributions enabled us to draw certain inferences regard- 
ing the spin and parity of the resonance levels and the first level in c135, and 
also regarding the y-transitions between these levels. The proposed y-transition 


diagram is shown in Fig.5. 
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Resonance at 848 kev 


The E, = 848 kev resonance corresponds to a level at 7.196 Mev in c135; from 
this level there occur y-transitions to the 1.22 Mev level with an abundance > 95% 
and to the ground state of C195 with an abundance not exceeding 5%. The angular 
distributions for the 5.96 and 1.22 Mev y-rays, which are in cascade, are isotrop- 
ic. Such distributions as well as the evaluated intensity ratio between the cross- 
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over and cascade transi- 
tions are in agreement 
with the inference that 
the 1.22 and 7.196 Mev 
levels both have spin and 
parity 1/2+. It may be 
noted that the shell mod- 
el predicts a spin value 
of 1/2 for the first ex- 
cited state of C155. 

This spin value also fol- 


fy =/,22 Mev 


604 0 
aan tev * 


30 50 Nq 30 50 Wr lows from comparison of 
c133 with S33, nuclei 
which have similar nucle- 

70) (0) O) f(a) © 


on configurations in the 
unfilled shell. Theo- 


itt retically other assignments 
are possible, but further 


assumptions must be made 
to justify them. Thus, 


0 30 60 906° 0 Fy) 60 90 6° for example, the spin of 
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both levels may be 3/2, 
Fig.4. Gamma-ray spectrum and angular distribution but then in order to ex- 
for the resonance at Ep = 929 kev: a - angular plain the isotropic angu- 
distribution of 7.27 Mev y-rays, b - angular dis- lar distribution it must 
tribution of 6.04 Mev y-rays, c - angular distri- further be assumed that 
bution of 1.22 Mev y-rays. the transition from the 


7.196 level to the 1.22 


fee — level must be pure quadrupole. 

& 2303 Resonance at 890 kev 

S$ 7274 RNA enti stale peed ie 
5a 

6,373 7.196 The E,, = 890 kev resonance corresponds 

SAAD), Fh to a level with excitation energy of 7.236 Mev 
4,133 in C135, In the spectrum there is one intense 
; line at 7.236 Mev, i.e., corresponding to a 
“er transition to the ground state. Analysis of 
300 the y-ray spectrum at different angles showed 
Bers that there also departs from the 7.236 Mev 


FiO oa i aa Ma — level a very weak (< 5%) transition to the 
1.22 Mev level. The angular distribution for 
the transition to the ground state is charac- 
7472 3/9)* terized by 


1,763 
1,220 


w(@) = 1 - (0.65 + 0.03) cos? @. 


ev? Comparison of the deduced angular distri- 

Fig.5. Gamma-transitions in C135. bution with the calculated distribution indi- 
cates that the spin of the 7.23 

5/2. Deviation of the experimental factor sees ee cos2 9 ent tte nel eel 
value (-0.5) can be explained if one assumes that this transition is not pure di- 
pole but has a small admixture of quadrupole radiation with an amplitude ratio 
E2/M1 = -0.10. In view of this one may hypothesize that the transition from the 
7.236 Mev level to the ground state with spin and parity 3/2+ must occur without 
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change in parity, i.e., that the assignment for the 7.236 Mev level is 5/2+. 
This assignment is not in conflict with the fact that there is observed a low 


intensity transition from the resonance 7.236 M 
° ev level to the 1.22 Mev (1/2+ 
level, inasmuch as this transition may be E2. rae 


Resonance at 929 kev 


The Ep = 929 kev resonance corresponds to an excited level at 7.274 Mev from 


which there occur transitions to the ground state (abundance ~70%) and to the 1.22 
Mev (~30%). The experimental angular distributions for the cross-over transition 
and for the two cascade transitions are isotropic. As in the case of the E, = 

= 848 kev resonance, it may be assumed that the spin of the 7.274 Mev igvelia 
1/2. The substantial difference between the intensity ratios of the transitions 
to the ground and first excited state from the two resonance levels at 7.196 and 
7.274 Mev, both with spin 1/2, could be explained on the assumption that these 


are levels of different types. We believe, however, that this is a matter for 
further investigation. 


Hescnancobeat 631 210207 and’ 1214 kev 

We carried out a preliminary measurement of the spectra and angular asymmetry 
of the y-rays for these three resonances. The y-ray spectrum associated with the 
Ey = 881 kev resonance is similar to the y-ray spectrum for the resonance at 929 
kev, i.e., there are y-transitions of comparable intensity both to the ground 
state and to the 1.22 Mev level. In contrast to the resonance at Ep = 929 kev, 
however, there is a noticeable asymmetry in the angular distribution of the y- 
rays for the 881 kev resonance. Our preliminary investigation of the angular 
asymmetry for the transitions from the 7.228 Mev level to the ground state indi- 
cates that this resonance level may have spin 3/2. 

The y-rays spectrum for the resonance at 1020 kev is similar to the spectrum 
associated with the resonance at 848 kev, i.e., the corresponding ~7.363 Mev lev- 
el decays virtually 100% by cascade transitions through the first excited level 
of C135, No asymmetry in the angular distribution of these y-rays was observed. 

The resonance at Ep = 1214 kev is distinguished from all the other resonances 
by its great intensity and by the character of the corresponding y-ray spectrum. 
In view of this we had some doubt whether this resonance is due to the $34(p,y)c195 
reaction; there are, however, a number of factors which indicate that this is the 
case. Thus, for example, a resonance at Ep = 1214 kev is observed in using a ZnS 
target with a natural isotopic content of $34 (4.24%), and this resonance increas- 
es De ae. in intensity in measurements with a target containing close to 
100% S34, Moreover, no induced B-activity is associated with this resonance. In 
the corresponding y-ray spectrum there appear two y-lines with energies of 4.37 
and 3.24 Mev. 

In order to explain the de-excitation of this level, which differs from the 
decay mode for the neighboring resonance levels, it may be hypothesized that this 
resonance level at 7.551 Mev has a high spin value and that therefore transitions 
from it to levels with low spin values are forbidden. This, however, is in con- 
flict with the great intensity of this resonance. We hope that further investi- 
gations of the angular distributions and the correlation of the cascade y-transi- 
tions will help elucidate the nature of this level. 

We desire to express our gratitude to M.1I.Guseva for preparing the isotopic 
$34 targets, and to A.A.Tsygikalo and Yu.A.Kharchenko and the personnel of the 
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electrostatic generator for insuring satisfactory operation of the accelerator 
during our experiments. 
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ELASTIC SCATTERING OF PROTONS BY Ne20 
- A.K.Val'ter, A.S.Deineko, P.V.Sorokin & A.Ya.Taranov 


’ There are only two brief communications!,2 in the literature on investiga- 
tion of the levels in Na2l by means of elastic scattering of protons from Ne20 
nuclei. These abstracts give only the energies of the levels evinced at proton 
energies from 0.4 to 4 Mev and the final results of phase-shift analysis, namely 
the widths, spins and parities of the evinced levels. It is also Pepenred that 
“an a the spins and parities were determined have a proton (elastic) 
Owing to the fact that the experimental cross section values are not given 
it is impossible to check the assignments by comparing the experimental cross eee 
tions with the cross sections calculated on the basis of the inferred spins, pari- 
ties and level widths. Hence we felt it would be of interest to ifiventtonts the 
p-Ne20 elastic scattering cross section for the purpose of checking the data of 
Heaberli et all,2, 


Procedure and experimental results 


Proton resonance energies and Na2l level characteristics 


= [bevel width, kev : Padaced 
pe Mev | Na@1 Mev | Our Ref. oo width Y?, 
| data 2 parity Tr Mev cm 
| | 
1-81. gh © 4318% © rat 180 3/2- 1,4-10-28 
A ll ee ey 6 5 /2+* 0,25 | 0,8-10-38 
2,45 | 4,50 oT 47 3/2+ 0,84] 0,9-10-33 
2,69 5,02 
3,;18—|5, 48 80 410 4/2+ 0,2-40-38 


The p-Ne20 elastic scattering cross section was measured by means of the 
equipment described earlier’, By way of target we used gaseous neon of natural 
‘ isotopic composition (90.5% Ne29) at a pressure of 5 mm Hg. The energy spread 
; of the proton beam was +8 kev; this was due primarily to loss straggling incident 
to passage of the protons through the entrance window of the scattering chamber. 

The p-Ne20 scattering cross section was measured at angles of 55, 90, 125, 
141 and 151° in the center of mass system in the proton energy range from 1.6 to 
3.4 Mev. The results are shown in Figs.1 & 2, from which it will be evident that 
there are five clearly pronounced resonances. The proton energies at which these 
resonances are observed and the corresponding level energies in Na2l and level 
widths are listed in the accompanying table. 

The minor anomalies in the curves of Fig.2 are presumably connected with 
resonance scattering of protons by Ne22 nuclei, the content of which in the target 


was 9.2%. 


Discussion 


The phase-shift analysis of the experimental data was carried out by the pro- 
cedure described in Refs.4 & 5. The deduced spins and parities are listed in the 
accompanying table. We were unable to analyze the resonance at 2.69 Mev inasmuch 
as it is apparently connected with more than one level. 

Our values for the energies, spins and parities of the levels in Na are in 
good agreement with the results of Heaberli2. As will be evident from the table, 
however, there is a substantial difference between our results and those of Heaber- 
li as regards the level widths. Inasmuch as the energy resolution in our experi- 
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Fig.l. Cross sections (in 10725 cm“/steradian) for scattering of protons from 
Ne20 at Oo,m, = 55, 90 and 125°. 


Oc.m,= 151° 


g 


1.6 2.0 24 2,8 3.0 Ep Mev 


Fig.2. Same as Fig.1 but for 6¢,m, = 141 and 151°. 
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ie relatively low (+8 kev), it may be that our width values are overesti- 


2 will be evident from Fig.1 the resonances at 1.95 and 2.15 Mev at an angle 
of 125 are symmetrical. It was shown by Smith® that for such resonances one can 
determine I>/[ by using the expression for the resonance scattering integral. The 
result in this case does not depend on the energy resolution. For the case of 


scattering of protons by nuclei with Spin O the area R, under a symmetrical reson- 
ance is related with [5/[ by the equation 


THK2 ; T2 
ip A, (1) 


where 4 is the effective wavelength of the incident proton, o,, is the cross sec- 
tion for nonresonance scattering, and if SZ ep (here / is the pro- 


Rig 


ton orbital momentum, / is the level spin and § is the scattering angle). 

On the basis of the areas under the resonance curves we obtained by means of 
Eq.(1) I5/P = 1 + 0.2 for the resonance at Ep = 1.95 Mev and I5/[ = 18 + 0.2 for 
the resonance at Ep = 2.15 Mev. From this one can readily establish the lower 
bounds for the total widths of these levels: [>1 kev for the first and [> 18 
kev for the second. 


Using our values for the widths we determined the ratio P,/[. The results are 
given in the accompanying table. 
The great width of the 4.18 Mev level and the fact 
p that its spin and parity are 3/2- give reason to infer 
that protons scattered from Ne21 will be polarized in a 
rather wide energy interval near Ep = 1.8 Mev. Using the 
0 results of phase-shift analysis and the equations given 
in Ref.7, we calculated the energy dependence of the 
polarization of protons scattered at 90°. The results 
are shown in Fig.3. The calculations were carried out 
for the proton energy range from 1 to 1.8 Mev. At higher 
proton energies one must take into account the influence 
of the resonances at 1.96 and 2.15 Mev. As will be evi- 
-10 dent from Fig.3, the polarization of the protons varies 
s , smoothly with energy and attains 70%. Elastic scattering 
Fig.3. Polarization of from Ne29 nuclei can be utilized for determining the polar- 
: protons scattered at an ization of protons with energies from 1 to 1.8 Mev. 
angle of 90° from Ne20, 
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ELASTIC SCATTERING OF PROTONS FROM NUCLEI 
- A.P.Klyucharev 


On the basis of the experimental results obtained in different laboratories, 
here and abroad, on proton-nucleus scattering in the range of medium energies it 
has proved feasible to establish a number of interesting and significant regulari- 
ties. For example, it has been determined that at proton energies above the po- 
tential barrier, the scattering is a diffraction effect, and that the position of 
the maxima and minima in the curve for the differential cross section vs the scat- 
tering angle are determined at a given energy by the mass number of the ate 
and are shifted to the side of smaller angles with increase of the proton energy.~* 

The values of the differential cross section calculated on the basis of the 
optical nuclear model are in satisfactory agreement with the experimental values 
in an appreciable range of angles and energies. °» 

Investigations of proton scattering by medium-Z nuclei at energies lower than 
the potential barrier showed that the character of the angular dependence ox the 
ratio of the differential cross section determined experimentally to the cross 
section for Coulomb (Rutherford) scattering - 0(9)/opn(8) (8 is the scattering angle) 
- is quantitatively different for the nuclei of some neighboring elements.° With 
increase in proton energy this difference is gradually effaced. It must be noted 
that most of the investigations in question were carried out with targets of natur 
al isotopic composition; hence the cross section values are averaged values for 
the cross sections of the isotopic nuclei comprising the target. 

Obviously, a detailed picture of proton-nucleus scattering can be obtained 
only by studying the effect for different separated isotopes. Research on proton 
scattering by separated isotopes was first undertaken in the Physical-Technical 
Institute of the Ukrainian SSR Academy of Sciences (Kharkov). The work is now 
being continued in collaboration with the Institute of Physics of the Ukrainian 
SSR Academy of Sciences (Kiev). ; 

Up to now we have investigated the angular distribution of protons elastical- 
ly scattered from the following separated isotopes: a) at proton energies of 5.45 
and 6.8 Mev: Cr52, Cr53, Co59, Ni58, Ni60, Ni62, cy63 and CuS5 (Refs.6,7 & 8) and 
b) at a proton energy of 19.6 Mev: Lif, Li7, Co99, CuS3, CuS5, Ge’3, Ge74, calll, 
Cal13, cqll6, Snl16, Sn117, Sn118, snl19, snl120, Sn122, Sn124, pp207, pp208, Bi209 
and U238 (Ref.9). The proton sources were linear accelerators (5.45 and 19.6 Mev 
protons) and the Institute of Physics cyclotron (6.8 Mev). 

The scattered protons were detected at different angles either by a scintil- 
lation spectrometer or nuclear emulsions. The experimental techniques are de- 
scribed in detail in Refs.7 and 10. 

Three different procedures were used for preparing the targets in the form 
of thin foils: electrolytic deposition, vacuum evaporation and vacuum thermal dis- 
sociation. These target preparation techniques are described in Ref.1l. 

The use of the developed detecting techniques in conjunction with thick tar- 
gets made it possible in most cases to record reliably the elastically scattered 
protons with complete discrimination of the inelastically scattered protons. An 
exception was Cr°3 in the case of bombardment with 6.8 Mev protons (see below). 
The relative error in the cross section measurements did not exceed 3%. 

We shall not discuss in detail here the results obtained for 19.6 Mev pro- 
tons - they are described in Ref.9. However, we want to mention two interesting 
facts. Fig.1 shows the angular dependence of the cross section ratio for protons 
scattered from cadmium 111, 113 and 116. The diffraction scattering pattern is 
the same for all three isotopes if one neglects the minor displacement of the 
maxima ae minima as a function of the mass number. However, it will be recalled 
that Cdlll has five levels below 600 kev, Cal13 has four levels, and Ca1l16 only 
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Fig.1. Angular dependence of the ratio of the elastic scattering cross section to 
the cross section for Coulomb scattering for cadmium isotopes at a proton energy 
of 19.6 Mev; 6 in the laboratory system; 1 - Calll, 2 - call4, 3 - cq116, 
Fig.2. Same as Fig.l but for Cal16 (1) and Snl16 (9), 


one level. 

The inelastically scattered protons associated with these levels could not 
be discriminated under our experimental conditions. The fact that a diffraction 
effect pattern is observed in the range of large angles as well indicates that 
inelastic scattering from the cadmium isotopes at the given energies involves di- 
rect interaction so that the contribution of inelastically scattered protons in 
the region of large angles is relatively small compared to the comtribution from 
elastically scattered protons. 

Fig.2 shows the angular dependences for protons scattered from call6 ana 
Snl16, both of which are even-even nuclei with the same atomic number. The posi- 
tions of the maxima and minima in the respective curves are virtually the same. 
The absolute values of o(8)/cp»(0) for Cal16 are approximately twice the values for 
Snl16, Thus the replacement of two neutrons by two protons leads to an appreci- 
able change in the scattering amplitude, whereas change of the number of neutrons 
by two results in no significant alteration of the curves. 

Data on the angular dependence of the ratio of the measured differential cross 
section for elastic scattering to the cross section for Coulomb scattering in the 


field of the nucleus for all the investigated isotopic targets (in the energy range 


below or close to the potential barrier) are summarized in Fig.3. 

We note that the angular distribution for Cr53 at 6.8 Mev in scattering to 
large angles is represented by two curves: the upper curve was obtained directly 
from measurements; the lower curve includes corrections for the angular distribu- 


tion of inelastically scattered protons with excitation of the 970 and 540 kev 


levels in Cr53, The data on inelastic scattering were obtained at an energy of 
5.4 Mev, but it may be assumed that the curve for inelastic scattering at 6.8 Mev 


will be quantitatively the same. This assumption is not in conflict with the 
data on inelastic scattering of 6.8 Mev protons from Cr53 with excitation of the 
970 kev level and also from neighboring nucleil2, Direct interaction at these 


energies is not observed. 
Analyzing the scattering curves shown in Fig.3 we note that at the proton 
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energy of 5.45 Mev there is 

a quantitative and a qualita- 
tive difference between the 
angular dependences of 0(8)/ 
/Orn(9) in the range of large 
angles for even-even nuclei 
(cr52, ni58, Ni60 and Ni®2) 
and odd-even nuclei (Co°9 and 
CuS5). The angular dependen- 
ces are similar for odd-even 
and even-odd nuclei (Cr53, 
Co59 and CuS°). Thus change 
in the number of nucleons in 
the nucleus by one results in 
a quantitative change in the 
character of the angular dis- 
tribution of the scattering 
for proton energies lower than 
Q6 06 the potential barrier. 

; Quantitative differences 
are also observed at these 
energies for different even- 
even nuclei, as, for example, 
in the case of scattering from 
nickel isotopes. The results 
obtained at a proton energy of 
6.8 Mev, on the one hand, empha- 
size this difference, and, on 
the other hand, exhibit a ten- 
dency towards smoothing out of 
this difference. In the angu- 
lar dependence curve for even- 


o(4)/4,(0) 


ye aeel F,= 6,80 Mev 


GG= BOP WN2GE H0GL2, OGG S980 OF 120 10 TE even nuclei a second maximum 
appears in the region of large 
Fig.3. Angular dependence of the cross section angles. With increase of the 
for elastic scattering to the cross section proton energy above the poten- 
for Coulomb scattering at proton energies of tial barrier the scattering 


5.45 and 6.8 Mev. @ in the center of mass system. picture gradually becomes quali- 
tatively similar for even-even 

as well as for even-odd and odd-even nuclei, that is, diffraction scattering be- 
gins to predominate. However, there remains a difference as regards the absolute 
values of 9(6)/orn (0). Most significative here are the data obtained for chromium 
isotopes. Cr53 has only one neutron outside the closed 28 neutron shell, as com- 
pared with Cr92, This neutron is weakly bound: its binding energy is 7 Mev, where- 
as the binding energy of the last neutron in Cr92 is 11 Mev. It may be hypothe- 
sized that this odd neutron "diffuses" the surface of the Cr53 nucleus. 

Since the Coulomb potential for both nuclei may be assumed to be the same, 
the time an incident proton spends within the sphere of action of the nuclear 
forces will be shorter in the case of Cr°2 as compared with Cr93, Hence the pro- 
bability for absorption in the latter case will be greater. The same argument 
can presumably be applied to odd-even nuclei (Co, Cu) in which the nuclear sur- 
face can be "diffused" owing to the presence of an extra odd proton as compared 
with the neighboring even-even nuclei (Fe, Ni). 
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Apparently, one can also consider from this standpoint the change in the 


cross section for scattering at large angles by nickel isotopes: the cross sec- 


tion decreases appreciably with each successive neutron pair increment. 

It must be noted that if one regards the even-even nuclei of Ni isotopes 
as spherical, in the case of Ni°8 and ni60 there is filled the 3p;,, neutron sub- 
shell, whereas in the case of Ni®2 there begins to fill the Afs), subshell. This 
can lead to greater ''diffusion" of the nuclear surface of the last nucleus and 
thus to greater absorption of the incident protons at large angles as compared 
with Ni58 and ni60, 

With increase of the incident proton energy the influence of the nuclear 
surface on the process of interaction of the protons with the nuclei decreases 
and the above mentioned difference is gradually effaced. As already noted, at 
energies above the potential barrier, the scattering picture gradually becomes 
predominantly "diffractive". However, in this case also, the differential cross 
section depends on the details of the nuclear structure, as is evinced by the re- 
sults on the angular distribution of protons scattered from Cal16 and Snl16, 
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INVESTIGATION OF THE LEVELS OF K41 BY MEANS OF THE A40(p,y)K41 REACTION 
- A.K.Val'ter, Yu.P.Antuf'ev, V.Yu.Gonchar, A.N.L'vov, E.G.Kopanets & S.P.Tsytko 


Introduction 


The configuration of the ground state of K41, a nucleus containing 19 pro- 
tons and 22 neutrons, is (rd:,)* (vjy,)?; the spin and parity are 3/2+. The excited 
states of this nucleus have scarcely been studied. 

On the basis of the nuclear shell model one can expect to observe a single 
particle level with spin and parity 7/2-, which corresponds to transition of the 
last unpaired proton from the d:, to the /,, level. Such a level with an energy of 
1.29 Mev was actually detected in investigations!:2 of B-decay of A41, 

In investigations of the A40(d,n)K4! reaction (Q = 5.62 Mev) there were ob- 
servedl,3 levels in K41 at 1.34, 3.1 and 4.4 Mev. Investigation of the K40 (n,7) 
K41 reaction (Q = 10.109 Mev) led Bartholomew & Kinsey# to infer that there may 
exist two additional levels with energies of 1.66 and 0.72 Mev in K#1. The ex- 
istence of these two levels, however, was not definitely established. 

Some data on high lying resonance levels in K4l were obtained in studying 
the A40(p,y)K41 reaction (Q = 7.84 Mev) (Refs.1 & 5) and the K40(n,y)K41 reaction. 

In studying the first of these reactions there were observed five resonances 
at Ep = 900, 1050, 1080, 1100 and 1235 kev. In studying the second reaction there 
was observed one level with an excitation energy of 10.109 Mev, corresponding to 
the binding energy of the attached neutron. 

All the above data regarding the levels in K41 are summarized in the review 
article by Endt & Braams!. 

In addition, Freier et alS in investigating the elastic scattering differ- 
ential cross section for p-A40 interaction observed resonances at proton energies 
of 1.90 and 2.48 Mev. In a subsequent investigation®, we determined the energies 
of these resonance more accurately and arrived at the following spin and parity 
assignments for the corresponding levels in K41: 1/2- or 3/2- for the 9.66 Mev 
level (E, = 1.86 Mev), and 1.2+ for the 10.23 Mev level (Ep = 2.45 Mev). 

In the present work for the purpose of obtaining more data on the levels of 
K41 we investigated the A49(p,y)K41 reaction, which enabled us to identify some 
of the high lying resonance levels of the compound K41 nucleus as well as the low 
lying levels and to determine their spins and parities. 


Equipment and Procedure 


The protons were accelerated by the electrostatic generator® of the Physical- 
Technical Institute of the Ukrainian SSR Academy of Sciences; this generator is 
characterized by a high degree of stability and yields a highly monoenergetic 
proton beam. 

The thin A4° targets were prepared in the electromagnetic separator by knock- 
ing A40 ions into a tantalum backing. The thickness of the knocked-in targets 
was about 3 kev for ~l1 Mev protons. The procedure for preparing such targets has 
been described by Guseva?., The isotopic A40 targets on tantalum backings with- 
stood a current of the order of 5 microamp for many days without substantial change 
in the y-ray yield from the target. 

In measuring the excitation function of the reaction, the y-ray detector was 
a scintillation counter with a 3 cm diameter, 2 cm thick CsI(T1l) crystal coupled 
to an FEU-S photomultiplier; the crystal was mounted at 0° to the proton beam. 

The beam current was measured by a current integrator, the linearity and response 


of which were checked periodically and found to remain constant duri 
ng the 
period of the experiment. airs 


oS + > 
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The y-ray spectrum was measured at an angle 


of 60° relative to the direction of the incident 
Ny protons by means of the scintillation spectrometer 
a, described in Refs.10 & 11. For measuring the 7- 


ray angular distributions we used a scintillation 
spectrometer that could be rotated 150° counter- 
clockwise relative to the beam direction about the 
1 center of the target. 
A similar scintillation spectrometer served 
as the y-ray monitor; this was mounted at a fixed 


angle of 90° relative to the direction of the pro- 


1080 1100 1120 1140 ton beam. 


Ey. kev 
Fig.l. Excitation function 
of the A%0 (py) K41 reaction. 
N., - number of pulses due 


Experimental Results and Discussion 


The excitation function of the A40 (yp, 7) K41 re- 
to y-rays; Ny; — pulses from action was investigated in the proton energy range 
the current integrator. from 1085 to 1130 kev. The experimental results 

are shown in Fig.l. Instead of the single reson- 
ance at 1100 kev, reported earlier by Brostrém5, we detected four resonances at 
Ep = 1092, 1107.5, 1114 and 1125 kev. The widths of the observed resonance peaks 
are of the order of 4-5 kev and are, apparently, due to the thickness of the tar- 
get and the slight energy spread of the proton beam. 

We investigated the y-spectrum corresponding to the two most intense reson- 
ances. Analysis of the high energy part of the spectrum associated with the 1092 
kev resonance showed that this spectrum comprises y-lines with energies of 8.9, 
7.6, 7.3 and 5.8 Mev. The first of these corresponds to a transition from the 
8.91 Mev level to the ground state; the 7.6 and 7.3 Mev lines correspond to transi- 
tions to levels at 1.29 and 1.59 Mev, which is substantiated by the presence of 
y-lines of energies 1.29 and 1.59 Mev in the soft part of the spectrum. The 5.8 
Mev y-line apparently is due to a cascade transition from the 8.91 Mev level to 
the known 3.1 Mev level.! The presence of a diffuse peak at ~4.5 Mev indicates 
that there may be a transition from the resonance level to a level at 4.4 Mev (the 
corresponding y-line energy is 4.5 Mev) and from the 4.4 Mev level to the ground 
state. In the soft part of the y-spectrum associated with this resonance we ob- 
served y-lines with Ey, = 0.60, 0.98, 1.29 and 1.59 Mev, which substantiates the 
existence of the known! levels with energies of 0.72, 1.29 and 1.66 Mev. The 0.98 

Mev line may be due 
to a cascade transi-~ 
tion from the 1.59 Mev 
level to a level at 
0.60 Mev. 
(4,4 Mev) The low and high 
1 (4,5 Mev) energy parts of the 7- 
i (5.8 MeV) spectrum for the 1107.5 
kev resonance are 
shown in Fig.2. There 
are evident in the 
spectrum y-lines with 
energies of 7.6 and 
; 7.3 Mev, corresponding 
Fig.2. Gamma-ray spectrum for the resonance to transitions to the 
at Ep = 1107.5 kev. 1.29 and 1.59 Mev 
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levels, and a y-line with Ey = 5.8 Mev, presumably 
corresponding to a transition from the 8.92 Mev 
level to a level at 3.1 Mev. The hypothesized 4.5 
and 4.4 Mev lines were not resolved in the spectrum, 
but it is highly probable that there is a transition 
from the 8.92 Mev level to the 4.4 Mev level and a 
further transition from this level to the ground 
state. We observed no evidence for a cross-over 
transition from the 8.92 Mev resonance level to 

the ground state. The soft part of the spectrum 

for this resonance is similar to the y-spectrum 

for the 1092 kev resonance. 

On the basis of analysis of the spectra we 
propose the decay scheme shown in Fig.3. The tenta- 
tive possible spin assignments arrived at on the 
basis of preliminary measurements of the angular 
y-ray distributions are indicated in parentheses 
in Fig.3. 

We are deeply grateful to M.I.Guseva for pre- 
paring the A40 targets. 


Physical-Technical Institute 
Academy of Sciences of the Ukrainian SSR 
Fig.3. Level scheme for K4!, 
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EXPERIMENTAL AND THEORETICAL STATE-MIXING COEFFICIENTS AND POLARIZATION OF 
NUCLEONS IN DEFORMED NUCLEI 


- D.A.Varshalovich 


? Cpa of a nucleon in an axially deformed nucleus without L-S coupling 
can be characterized by the quantum numbers x, A and Q; these are the projections 


of the spines; orbital 1 and total angular momenta j of the nucleon on the nuclear 
Symmetry axis; it will be noted that X+A=Q inasmuch as s+l=j. The presence 


of Russel-Saunders interaction, however, mixes the states with different » and A 
but the same 2, i.e., part of the time the nucleon will be in the state with 

a 1 e- 1 
u=-+-— > and A=Q—-, and part of the time in the state with %— a= and 
A=O4—. : 


Accordingly, the wave function of the nucleon in a deformed nucleus can be 
represented as the superposition of two functions: 


pa) == aD ee. (1) 
The functions { and © are normalized, and «* and §? are the expectation 
coefficients, i.e., they characterize the probability of finding the nucleon 
in one state or the other. 
We define the polarization of a nucleon in a deformed nucleus as double the 
mean value of the projection of the spin on the nuclear symmetry axis: 


P=2{s)=a?—8; —1<P<1 (2) 


and inversely 


mate & ee (3) 
Tea: 
4 The values of the coefficients « and f and of the polarization P can be cal- 
culated theoretically using the Nilsson wave functions.1 There are, however, a 
number of factors owing to which the wave functions of an actual nucleus may dif- 
fer appreciably from the Nilsson wave functions: 
1) the basic assumption of the Nilsson model regarding axial symmetry of the 
nuclear field2 may not be fulfilled; 
2) the Nilsson functions were calculated on the assumption of complete de- 
coupling of the single particle and collective motions, which is valid only in 
the first approximation; coupling between these motions leads to mixing of the 
Nilsson configurations; 3 
: 3) residual pair interaction of the nucleons not entering into the self- 
consistent nuclear field also leads to change in the wave functions; + 
4) Nilsson may not have selected with sufficient accuracy the parameters of 
, the model characterizing the self-consistent nuclear field;1 
5) finally, the wave functions depend on the deformation of the nucleus, 
and the values of the deformation parameter in many cases may have been determined 
with appreciable error. 
All these factors can appreciably alter the wave functions. Hence we believe 
it is of interest to compare the theoretical and empirical values of the polariza- 
tion of the nucleon and the theoretical and experimental values of the coefficients 


a and fp. 
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The magnitude of the nucleon polarization Pand of the coefficients « and 8 
can be determined from the experimental values of the magnetic moments of de- 
formed nuclei. The contributions of the internal and collective motions of nucle- 
ons to the magnetic moment of the nucleus are determined by the gyromegnetic ra~- 
tios go and gp. According to the collective nuclear model, gr= Z/A =~ 0.4, which 
is in satisfactory agreement with the experimental values of gp for different nu- 
clei (0.2 to 0.5), particularly if one bears in mind that in many cases the experi- 
mental values of gr were determined with a substantial uncertainty. 

If »p and gp are known, we can find 


gon (CHE) + fet elt (a) . 


where jis the total angular momentum of the nucleus. 

In contrast to gr, the value of go depends substantially on the configura- 
tion of the state and for different states not only as regards absolute magnitude 
but also sign: 


gaQ=g.<s>+ ach, (5) 


where g, and g; are the spin and orbital gyromagnetic ratios for a free nucleon: 


+ 5.58 
erecta} me aed Ge (6) 
From (8), recalling that <s)=-~P and (ly) =Q—~ P , we obtain 


Pesiontias see (7) 
8s — 81 

Thus by means of (4) one can calculate go from the experimental values of UL 
and gp, (or assuming gp = Z/A). Having gj, one can find the polarization P of the 
last unpaired nucleon by means of Eq.(7). Finally, having P one can calculate 
|a| and |6| by means of Eq. (3). 

All the enumerated quantities are given in Tables 1 and 2 for odd-proton and 
odd-neutron nuclei. For purposes of comparison we also list the values of |a| and 
|B | determined from the Nilsson wave functions using the indicated values of the 
deformation parameter 6. In the last column we give the asymptotic quantum num- 
bers determined from comparison of the experimental level schemes with the theo- 
retical scheme of Nilsson. It will be evident from the table that in actual nu- 
clei states with © = +1/2 and © = -1/2 mix to an appreciably greater extent than 
follows from the Nilsson functions. The differences are, however, not large so 
that the sign of the polarization P, except for the case of wi83, agrees with the 
sign of © given in the last column. This agreement, on the one hand, supports 
the Nilsson classification of states according to asymptotic quantum numbers and, 
on the other hand, allows of checking in each specific case whether the configura- 
tion of the state is correctly defined. In particular, the observed divergences 
for the ground state of W183 suggest that it has a different configuration. This 
is also indicated by the other anomalies observed in the characteristics of this 
nucleus, for example, the appreciable divergence between the theoretical and ex- 
perimental values of the parameter a characterizing the position of the energy 
levels with K = 1/2. Possibly the noted divergences of wi83 and the deviations 
of a, § and P for other odd-neutron nuclei are partially due to renormalization 
of the geomagnetic ratios g, and g, for the nuclear neutrons. 

In the case of Np237 (u = 6 n.m.) and Pu24l (uy = 1.4 n.m.) the polatizations 
are 2.40 and 1.23, respectively, which is in conflict with (2). Apparently, the 


=O em 


Table 1 
Nuclei with odd-Z 

Nucteus| 2°} p, nem & re Pox h tx e Sle Cel Sone Oia Gin ATT 

Bla lek 
wNa® 13/2) +2,217 | (+2,45)| +0,75 |0,94/0,35/0,37/0,97/0,27| 3/2 |-+| [241-4] 
ysAl?? 15/2) +3,644 (-+1,89) | +0,93 |0,98/0,19)0,35]4,00/0,00/ 5/2 |-+-} [202+] 
esEuls | 5/2 +1,5 +0,65 —0,38 |0,56)0,83/0, 30/0, 36/0, 93] 5/2 |+| [4143—] 
es Pb? 13/2) (+)1,52 +1,49 +0,32 10,81/0,58/0,31/0,94/0,35} 3/2 |-+) [4141+] 
evHol® | 7/2) (+)3,31 +1,12 +0,18 |0,77/0,64/0,30\0,95/0,32| 7/2 j—| [523-+-] 
ep lul®? | 4/2) —O0,20(3) | —2,20 —0,70 |0,39]0,92/0, 28/0, 40)0,92! 4/2 )+] [4141—] 
quLul?® § | 7/2 +2,0 +0,66 —0,52 |0,49/0,87/0, 28/0, 22/0,98) 7/2/+| [404—] 
7glalsl | 7/2 +2,1 -++0,70 —0,46 |0,52/0,85)/0, 23/0, 24/0,97| 7/2 |-+| [404—] 
qalai8im | 5/2} -+3,0 (3) (+1,52 +0,57 |0,89/0,46|0, 23/0, 98)0, 22) 5/2 |+| [402+] 
qRel® 15/2) +3,171 +4,55 +0,60 |0,90/0,45)0,19/0,97|0,25} 5/2 |+} [402+] 
7sRel8? |5/2| -+3,176 +1,55 +0,60 |0,90]0,45)0,19]0,97|0, 25] 5/2 |+-} [402+] 
q7irt®! =| 3/2 +0,16 (—0,09) | — 0,714 |0,38/0,93/0,14|0,24/0,97| 3/2 |-+-| [402—] 
q7irl83 =| 3/2) +0,17(3 | (—0,08 —0,71 |0,38/0,93/0,12/0,28/0,96) 3/2 |+| [402—] 
oaNp2*?_ | 5/2|(-+) 6,0 (2,5)| (+3,20) | +2,46 | — | — |0,25]0,90]0,45) 5/2|-+} [642+] 
gsNp23?m | 5/2 +2,0 (+0,96) | —0,05 |0,69/0,73/0,25/0,48)0,88/ 5/2 |—| [923—] 
gsAm4! | 5/2 (+)1,4 (+0,63) | —0,30 |0,59/0,84)/0, 27/0, 47|0,89] 5/2 |— [523—] 
gsAm?43 | 5/2 (+) 1,4 (+0,63) | —0,30 |0,59/0,81/0, 27/0, 47)0, 89] 5/2 |— (523—] 

Table 2 
Nuclei with odd-N 

eS = | & 
Nereis ue Je: pans ma Lays Pexp x x i) es £ Q |x| (Nn, Az] 

Sag | gc a es 
| 21Neqy ve —0,5(41) |(—0,89) | +0,70 |0,92/0,39/0,37/0,98/0,22|3/2|+] [244+] 
: Mgrs |5/2| —0,855 | (—0,67) +0,80 |0,9510,32|0,36]1,00/0,00)5/2|-+) [202+] 

¥ 

; 155Gd,, |3/2| —0;32 (—0,63) | +0,50 |0,87/0,50/0,31]0,91]0,42/3/2)—| [521+] 
. 87Gdys_|3/2| —0,37(4) | (—0,69) | -+0,54 |0,88]0,48/0,31)0,91/0,42) 3/2|—| [524+] 
1IDy,, |5/2| —0,38(5) |(—0,38) | +0,50 |0,87/0,50|0,30/0,88/0,47|5/2|—| [752+] 
I3Nyo, |5/2| +0,53 (5) +0,18 —0,24 |0,62/0,79/0,30/0,44|0,90) 5/2 |+| [523—] 
17Erog | 7/2} —O,5 (1) |(—0,30) | +0,95 0,88|0,47/0, 29|0,93/0,37| 7/2|+) [633-+-] 
WYbyo, | 1/2) +0,43 (5) +1,38 —0,36 |0,57/0,82)0, 28/0, 48/0, 88) 1/2 |— [521—] 
178Yhiog | 5/2| —O,67(5) |{ —O0,53) +0,70 |0,92/0,39/0, 28)0, 940,33) 5/2 |— [512-++ | 
177Hfyo5, | 7/2) +0,61 (3) +0, 20 —0,37 |0,56/0,83/0,27/0,32/0,94| 7/2 |— [514—] 
179Hfi97 |9/2| —O0,47(3) | —0,20 +0,48 |0,86/0,51/0, 26/0, 96/0, 30 9/2|+} [624+] 
183yW,,, | 1/2); +0,118 +0,16 —0,04 |0,69]0,72)0,21/0, 92/0, 441) 1/2 |— [540-+ | 
189Qs,;5 |3/2| +0,656 (+0,46) | —0,36 030,60, 10,410,802 —| [512—] 
eo Ly 0,04 Ons —0,17 |0,64|0, 77/0, 24/0,57/0,82| 5/2 |+- [633—] 
: Seti a5 tH O34 19°33 +0,42 |0,84)0,54 0,24/0,9110,42) 7/2|—| [743-+-] 
4 eapyla? 15/2} (—)1,4 | (—0,94) | +4,237] — | — ]0,2710,90]0,44) 5/21-+I [622+] 


*The experimental values of J and were taken from Ref.5. 
*kThe values of go given in parentheses were calculated on the assumption 


indicated values of yw for these nuclei are too Sep OE he P to be smaller on 

“unity, the magnetic moments must be <3.7 n.m. for Np and <1.1 n.m. for Pus*+. 
& The asymptotic quantum numbers A and » indicated in the last columns of 

‘Tables 1 & 2 actually pertain not to the entire wave ees Bog only to the 
Rain configuration, i.e., to” @* with «>? or to O with ~?>a*. The selection 
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rules with respect to the quantum numbers A and = for y-, B- and other transi- 
tions define for what changes of A and » the matrix element of the transitions 
between the main configuration vanishes. When there is an admixture of states 
with other values of A and i, the forbidden transition occurs but is retarded 
as compared with the fully allowed transition. The transition probability de- 
pends on the magnitude of this admixture, i.@., essentially on the coefficients 
a and 8. Thus %exp and Pexp determine the extent to which the selection rules 
with respect to asymptotic quantum numbers are fulfilled in each specific case. 

Thus the values of the polarization P and the coefficients « and 8 deter- 
mined from the experimental values of u, show that the Nilsson functions are in 
satisfactory agreement with experiment, that the classification of states accord- 
ing to quantum numbers is meaningful, and that the selection rules with respect 
to A and & are valid. 


Leningrad Physical-Technical Institute, 
Academy of Science of the USSR 


References 


1. S.G.Nilsson, Kgl.Danske Vid. Selskab. Mat.-Fys. Medd., 29, No.16 (1955). 

2. A.S.Davydov & G.F.Fillipov, Zhur.eksp.i teor.fiz., 33, 723 (1957). (Trans. 
Soviet Physics - JETP.) 

3. A.K.Kerman, Kgl1.Danske Vid.Selskab.Mat.-Fys.Medd., 30, No.15 (1956). 

4. J.N.L.Gauvin, Nucl.Phys., 8, 213 (1958). 

5. K.F.Smith, Progr.Nucl.Phys., 6, 52 (1957). 


~ 899 - 


INTERNAL BREMSSTRAHLUNG ACCOMPANYING B-DECAY OF p32 
- K.A.Korotkov & A.M.Chernikov 


In recent years there have appeared a number of reports!-5 
of the P32 spectrum of internal bremsstrahlung (hereinafter IB) 
of 1100 kev. Some authors!,2 found that the Knipp-Uhlenbeck® 
agree with the experimental results, while others3-5 
of this disparity we undertook an investigation of the IB spectrum accompanying 
B-decay of P32 in the energy range from 20 to 1215 kev. 

For the measurements we used a single-channel scintillation spectrometer 
with a 29 mm diameter, 14 mm thick NaI (T1) crystal packed in an aluminum contain- 
er. Prior to measurements, the equipment was heated for three hours and before 
each measurement we checked the energy calibration and channel width. 
ture in the laboratory was maintained constant. 

The B-particles from the P32 were absorbed by a beryllium disk 1.025 g/cm? 
thick (Fig.1), which was located midway between the source and the crystal over 
the opening of the collimator. The collimator, a 50 mm thick disk 17 mm in dia- 
meter, was covered with a 10 mm thick layer of plexiglass. The photomultiplier 
was shielded with a cylinder of bakelite varnish-impregnated cellophane cylinder 
(wall thickness 8 mm) and lead (10 cm thick). The purpose of all these measures 
was to reduce to a minimum the external bremsstrahlung produced in the plexiglass, 
air and surrounding objects. To suppress the K x-rays from the lead collimator 
the entrance side of the hole was lined with 0.5 mm Fe, and the side toward the 
crystal with 0.7 mm Cd + 1.5 mm Fe, 

The P32 sources were prepared from a solution of NapgHPO, by evaporation on 
a~0O.4 uw thick plastic film. The film was mounted on an inner plexiglass ring 
of inner diameter 50 mm, outer diameter 84 mm and thickness 0.5 mm. This ring 
in turn was centered over a plexiglass ring supported on three 2 mm diameter plexi- 
glass rods. The sources were coated with a thin layer of zapon lacquer. 

We obtained the spectra of two different sources with activities of 2 and 
0.11 mC. The intensity of the background observed in the absence of the source 

was of the order of 15% relative to the intensity of the IB spectrum at 1200 kev. 
The statistical uncertainty in all the experimental points was less than 3%; this 
corresponds to a 4-8 hour counting time per channel in the range oe high energies. 

The spectrometer was calibrated with reference to the ioe y-lines: 
zn65 1.12 Mev, Csl37 662 ST 412 kev, ores 323 kev, Hg 279 kev and the 

-ray line of Pb (PY%* + Pb radiator). 
§ heya pulse distributions were corrected for the background; the ener- 
gy resolution of the spectrometer, the yield of x-rays from the gape the lee 
tal, the external bremsstrahlung from the Be absorber, the gpeciertnmianme se ti 
the efficiency of the NaI(T1l) crystal in detecting photons, the a raed = at) 
rays by the beryllium and Al + MgO abeornens apagkink RTS 4 aineoet 
metric efficiency and the rate of decay. na ’ 
i other isotopes in the source. 
he eet ae Cease a eee eee ccriman tak spectrum were introduced 
azaneve 7, Two of the corrections (for brems- 
Py gee xprocedure :proposed LT aia wearer K ays from the iodine of the 
strahlung from the Be absorber and the yield of K x-ray 3 ectively. 
from the work of Liden & Starfelt“ and Novey 9 sNOBDECE? 
b ses peg tance as our experimental conditions were virtually identi- 
Ss Se ee ee ee lernon involved in introducing the soephepeie 
: i £ mergies and 2.5-3/ in 
the IB spectrum amounts to about 6% in puteieatee ceo in casi 
the region of low and medium energies. This e 


tistical error in measurement. 


on measurements 
up to an energy 
theory does not 

report agreement. In view 


The tempera- 


- 900 - 


The spectrum corrected in this manner was 
compared with the spectrum computed according to 
a B the theory of Knipp & Uhlenbeck®. According to 
this theory, the probability for emission of a 
photon with energy between k and k+dk is given 
Be-disk by 


S(k) = \ P (we) D (we, k) dwe, 
ite 


| 
YYU\ 


Y 
Y 
Vi 


where wWe is the energy of the primary electrons, 
“ita e\lo- > 4 the photon energy, w, is the end-point ener- 
gy of the B-spectrum, P(we) is the probability 

for emission of a 8-particle with energy w, 

and M(w.,k) is the probability for emission of 

a photon with energy * from an electron with ener- 


Fig.1. Experimental arrange- gy We: 
ment for investigating the IB roe [w+ we, . a 
accompanying B-decay of P??, Dilte, He) Eaee, } ae n weep yee [ 


Here p. is the electron momentum prior to emission of the photon, w and p 
are the energy and momentum of the electron after emission (w=we—k), and a is 
the fine structure constant. In order to take into account the Coulomb effect 
one must, according to Nilsson® and Lewis & Ford? replace P(w.) by the experi- 
mental B-distribution and take @M(w,,k) in the form 


F (w, 2) 
F (w,, 2)’ 


D (3, 1k) 22) D (we, Ke 10) 


where F(w, z) is the Fermi function for allowed B-transitions. 
In the first approximation one can write 


@, (we, k, z) = O (we, k, Deaaeane. 

In Fig.2, curve 1 is the curve calculated according to the Knipp-Uhlenbeck 
theory, curve 2 is calculated taking into account the Coulomb correction, and 3 
gives the experimental points (the results of three series of measurements with 
the same geometry, using two different sources). 

Comparison of the experimental and theoretical data shows that in the energy 
interval from 20 to 65 kev the experimental points lie somewhat above the calcu- 
lated ones, which can be explained by the presence of external bremsstrahlung from 
the source, which we did not take into account. There is a weak rise above the 
smooth curve in the 65 to 175 kev region. This hump was observed in the work of 
other authors!-3, We explain it by omission of a correction for the back reflec- 
tion of y-rays from the photomultiplier, although it must be noted that in the 
work of Liden & Starfelt2 such a correction was introduced, but a bump was still 
observed. In the energy range above 175 to 200 kev the experimental points devi- 
ate increasingly from the theoretical curves. The absolute values of the experi- 
mental ordinates in the 250 kev region lie approximately 15% above the values 
given by theory, at 500 kev the upward deviation is 28%, and at 1215 kev - 80%. 
These differences are appreciably greater than the experimental error. 

The corrected theory taking into account the Coulomb effect in the first ap- 
proximation also does not agree with experiment although the divergence in the 
range of high energies is somewhat reduced. The total IB y-ray energy per B- 


decay evaluated from our results is 2.89+1073 mc?/B which is 22% higher than the 
theoretical value of 2.37°1073 mc?/p. 
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Fig.2. Spectrum of internal berhmsstrahlung accompanying B-decay of p32; 1 - 
_ curve calculated according to the Knipp & Uhlenbeck theory (z = 0), 2 - curve 
* calculated taking into account the Coulomb correction (z # 0), 3 - experimental 


points. 


In general our results are in good agreement with the data of Liden & Star- 


felt.2 
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EXCITATION OF COLLECTIVE NUCLEAR LEVELS IN STRIPPING REACTIONS 
- A.M.Korolev 


Introduction 


The theory of the stripping reaction in the case of direct interaction of a 
deuteron with the nuclear surface was developed by Butler ,1 who determined the 
angular distribution of the captured nucleon. Butler also pointed out thate 
stripping reaction experiments could be of great help in determining the spin and 
parity of the excited and ground states. 

Bhatia et al2 found the angular distribution for the stripping reaction in 
the Born approximation; their results do not differ significantly from those of 
Butler. 3 
More systematic calculations were carried out by Tobocman”’, who took into 
account the scattering of the deuteron and proton by the nucleus. 

None of these theories, however, can satisfactorily explain the large-angle 
angular distribution of the (d,p) reaction products. 4 Hence we felt it would be 
of interest to analyze theoretically the mechanism of the stripping reaction, but 
in terms other than those of the single-particle nuclear and Coulomb interactions. 

In addition to producing a compound nucleus, the (d,p) reaction may involve 
a collective interaction of the nucleons with the nuclear surface, in which case 
it is possible that neutron capture may result not in the ground state, but in a 
collective excited state. 

Several authors9»5 have investigated the excitation of such collective levels 
in the strong coupling limit for highly deformed nuclei, when primarily rotation- 
al levels are excited. In the present work we shall consider a different limit, 
namely, that of weak coupling, when the collective oscillation spectrum is essen- 
tially of a vibrational nature, the initial nucleus is spherical, and the final 
nucleus obtained after neutron capture is weakly deformed. In our opinion such 
nuclei exhibit several interesting properties in relation to the stripping reac- 
tion. 


1. Statement of the problem 


We shall consider stripping reactions (also called (d,p) reactions) on even- 
even spherical nuclei with some (but not very many) nucleons outside the closed 
shell. After capture of a neutron by such a system, the resulting nucleus may 
be in the ground state or it may be in a collective or single-particle excited 
state. The nucleon-nuclear surface collective interaction is most likely to ex- 
cite collective states. 

Since the collective interaction is weak compared to the interaction due to 
the nuclear potential, we may use the Born approximation for our calculations. 

According to Bohr's generalized model ,® the Hamiltonian for the nucleon- 
nuclear surface interaction, responsible for the neutron capture in the stripping 
reaction, is of the form 


H’ = —VpR,8 (rp — Ro) D) op You (Opp) — Vnyd (Pn — Ro) d} on Yop (Onn). (1) 
a u 


The first and second terms in this equation describe the interaction of the 
proton and the neutron, respectively, with the nuclear surface, and the %, are 
given in terms of the phonon creation and destruction operators b, and E* Be 

Y 
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h 
tn = Vo ape (Ou + (— 1) OL). (1a) 


The initial state of the System consists of an incident deuteron with wave 
vector ky and the even-even target nucleus in its ground state. The final state 
consists of an outgoing proton with wave vector k, and the newly formed nucleus 
with the captured neutron, in the ground state or in an excited state with hindé 

ing energy E,. The wave functions of these states are 


Ka 
t—(tp+r r 
Ye (tpt) = Ae SPT G4 (tp — ea) Xr, a 
and Eh. 
; M 
ik. r'p- ——r 
4 p('p n 


If we start with the Hulthen approximation for the two-particle meson poten- 
tial, the radial part of the deuteron wave function will be7 


eer 


Pa (7) = N (4-te—*r)) (2b) 


ar 

In Eq.(2), X{"¢is the spin function of the deuteron, describing the triplet 
two-particle state, while XP and Xs" are the neutron and proton spin functions, 
respectively. 

Let us assume that the nucleus produced in the reaction has total angular 
momentum / with z-component //, and principal collective-level number Jp. 

The wave function of this nucleus must then describe a EMS consisting of 
an even-even core and a neutron interacting with its surface. It is of the form 


On (7) = Dy anen, Dy [Rs (k’) th; JM] Qin (ro). (3) 
Nk’Rly 
The sum in (3) is over the phonon number V= 0, 1, 2, the angular momentum 
_R of the core, and the spin k’ and orbital angular momentum l, of the odd neutron. 
f The Dy [Rs (k’) ln; LM] functions depend on both the spin and the angle variables 
of the odd nucleon. 
They form a complete set of orthonormal functions according to 


My [Rs (k’) In; JM]= >) (RsM — my —py| Rsk’ M — m,) x 


Pn My 


x (K'lpM — mamy |i InT MY Y tom, (Onn) XS°Onn (3a) 


Thus the collective nucleon-nuclear surface interaction is accounted for in 
our method both by our choice of Hamiltonian (1) and by our choice of the final- 
‘nucleus wave function, in which collective effects are included. 

We now go on to the Born approximation for the transition matrix element 


, for the stripping reaction. 
Using our interaction Hamiltonian and initial and final wave functions of 


Eqs.(2) and (2a), we obtain 
M= \WIH'Y pdrgdrydondaydy a) PES (4) 


where the interaction of the proton with the nuclear surface is accounted for in 
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My a V>Ro >: \ Vi (Ry, Tn) Koy. You (8n@p) A (Ry, In) AQ drpdopdopdy, (4a) 
Bb 
and the interaction of the neutron is accounted for in 
M, = — VaR} 2D \ Wy (rp, Ro) %ouY ap (Ongn) Fy (Pp, Ro) dQndrpdondopay. (4b) 
Bh 


The integration in Eqs. (4)-(4b) is over both the space and the spin variables 
of the neutron and proton, as well as over the collective variables. 


2. Neutron part of the transition matrix element 


Before going on to a calculation of M,, we point out one of its properties 
which will make the calculation somewhat simpler. Expression (la) for the a, 
operators guarantees that only the single-phonon amplitude in WY; gives a nonzero 
contribution to the matrix element. For this reason the sum over Nand R in (3) 
will vanish, and the expansion coefficients will be of the simple form® 


aN, = —Gal(Qln + 4) (2h + 1)1"* (Un200/ln2l00) W (Lo2SK'; Ins), (5) 
where 
@,., (BBo) 
Fa ee Syed it Oe 
. VNW))W, —H) 1 7801 p2) and. gash ate 2Bo ae 


Inserting (2) and (2a) into (4b) and making use of (5), we obtain 


Ma = gape BV a3 Dy 2) Di (ln +1) (2k! + ANI" x 


ky Pen My 
X (11200 | 2n2Z00) (2spprn | 28k’ + pn) (k’Unw + Pottn | k’InJM) x 
xX W (I20k's Ins) <O| toy |1> <ma| Pobp> Br, Li ngs (6) 


where <O|a,|1> and <mgq|pnp> are the matrix elements taken over the collective 
and spin variables, and 


M \ 


> \ 


. Ka 
L™ =\ care i 5 R,) iKy rp A 
in’? G $a (| Tp — Ro |) You (8npn) e ( Laid x Yigmn (8ngn) 1, (BR) adrpdQy. (6a) 
The remaining notation is the same as in Ref.8. 
The integration in (6a) is not particularly difficult to perform. We write 
rp —R, =r, so that drpdQ, =drdQ, (R, is a vector of fixed length), expand the 
plane waves in spherical harmonics 


eikr — An Di ity, (kr) Yok (9x0) Yim (9,9r), m” 


lm 


and use the known expression for the integral of a product of three spherical 
functions.2 After some relatively simple operations we arrive at 
(ye Sf 5 * . 
Lijm, = (At) 2 ie (2ly + 1)| * (1n200 \In 2L0) (Zn2mny|lp2L0) x Q(K) jx (kRo) Ply (BR,), (8) 


where 00 
__( sinkKr N 4 4 
Q(K) =) a ear) dr = | a ae — eee (8a) 
0 


Ke +a K?+ (a +x)? 


IL(kR,) is a spherical Bessel function, and the dependence of L'‘” , on the 


scattering angle 9, is defined by nm protes 
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ye k2 ————EESE 
er V be at = — kyla cos 9p and k= ky +- kj — 2kpka cos %p. 


We insert (8) into (6) and sum the Clebsch-G 


; ordan coefficients!9° over Y, 
/“M,, and L obtaining 


Mn (ky BK) = (ny "gn Rois (sloun0 | slyJun) Q (K) j1(FeRy) (21, + AY X 
" 9 
X 2) (1200 | 12/20)" 01, (By) Br, Cra | Ulin. (9) 


In 

Here we must note the following properties of the matrix element whose 
Square gives the angular distribution of the protons in the stripping reaction. 

Eq. (9) shows that both when the neutron is captured into the ground state 
or a single-particle excited state and when a collective level is excited, the 
proton angular distribution is determined by the orbital angular momentum |, of 
the corresponding single-particle level, as though the nucleus were spherical. 

Thus it is immaterial that the state of the neutron interacting with the 
nuclear surface is a mixture of states with different orbital angular momenta; 
these different states are not evinced in the angular distribution, and experi- 
ments show only one peak, rather than the three one might expect.11 The angular 
distribution will be the same as that obtained by Butler! (or, more accurately, 
identical with that deduced by Bhatia2). 


3. The proton part of the transition matrix element 


According to (4a), (2), (2a) and (5) the proton part of the transition matrix 
element will be of the form 
4 t 1 
My = ays VoRs DD} Y) [(2ln + 1)(2K! + 1)]¥* (In 200 | fn 24,0) 


k’lp Pen My 


X (2supey | 2sk’ + pn) (ATne + Unmn | k’lg JM) W (1,20k'; Ins) x 


(10) 
so 0 | Hou | 1) <mg| Upltn> Bi, Litin) 
aero ae ka (os) iKp (*p- ir7®) (10 ) 
5 Bane: a \e a ah Pa ( | Ry — tn 1) You (9p Pp) € ; x Yiymy (9n n) Ply (B42) dtp dQn. ‘ 


We shall integrate (10a) in the same way as we did (6a). In this case, how- 
ever, we shall have need of the following relations, which may be obtained by ex- 
panding the plane wave e:+)r in spherical Bessel functions: 


y * 3 (2ly + 4) (2le + 1)]1/z . 
ij, (| Ky + ke |7) Yim (8p) = 4m Sy >) ets [Aaa (10,00 | ty2310) > 


Lym, 122 


. 1, + Oly 1h 
HP (ky + ka [7) inn (8p) = 4 Sy [SRE TO | 00 tlal0) x 
I 


1M, LeMe 


% (Iylamyrg | Lylolm) WYP (kyr) i, (lear) Yip, (9191) Y iyrna( 2) 


for k, > ke, (lla) 


‘ f k,-+k, k, and k,, respectively. The 
where 9, 3,9, and % , are the directions o A a 

Hf (kr) nn (kr) ations are, to within phase factor?, spherical Hankel SmetAaes 
for the first kind and Bessel functions of an imaginary argument; the phase factors 
are chosen so as to make these functions real. 


na 
* 


PERATES bt eee 
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tf As? (kr) is represented by an integral along the real axis, Eq. (lla) turns 
out to be a consequence of (11). These relations are a generalization of the 
well-knownl2 corresponding relations in the theory of Bessel functions for /= 0. 
In order to inter fe replace dr,dQ, by drdQp, and R,—tm by r, and 
~Qlla) for 91, (Pn) = Ni, —r|). 
ae ton a se A ete ee (11) and (lla) and similar relations, 
the integral in (10a) can be taken and we arrive at 


(Pp) a: N Iptl—l, 75 (ly + 1) (2l2 + 1) 7° 
LY (95) = a —*> De [a | (1,200 | 2,210) x 


In™n (21 + 1) (2l, + 1 


Lym lam 


x (Iy2myp. | L20m) (144200 | Ualotn0) (Clams | Lalalnn) XJ (kRo) Yim (Ox) Fite (ts Bg), 2) 


where J 
Pry (0,8, 9) = {Pu (BRo) Pr, (a, Bs 9) + ee DH U(2ls + 1) AL + 1)" OX 
LL’ 


; dj yr, (qFo) : 1 j 
X (IpL00 | yEL’0)? Pr: (04 Bq) [(1 + Ro) fx (Qo) + 9Ro —tapey HED (Ro) + fy (Qo) HE}, (BR) | A2a) 


here 
AY), (BRo) = (1 (B-Ro) t, @-Ro) — tx (BRo) 1, (Po)? (12b) 
HER, (BRo) = (in, (@Ro) eit — on (8R,) dials ) (12) 
+ P,, (tat 
P,,(@, 8,9) = \ aes aHai- (124) 


—1 
The function P),(t)in (12d) is a Legendre polynomial, and A* = g? + a? — B?, 
For the four lowest values of /, this integral will be of the form 


4 2 
Py (a, B, 9) = 23q arctg aS ) (13a) 
L A? 2 
P, (a, B, g) = 55q (1 — ag, arcta aay (13b) 
We ffgyale [Xe 2 2 


a tqite [e(otan Alec, ava 2Bq\__ gf, __ A* 28q\ 13d 
P(e, ond) ee Bq [5 ( 3 — Gag) +. (9) arctg nN 3\1 78g arctg 2) : ( ) 


The spherical coordinates 9,9, give the angle between k=k,)—kg and 
Pe ae k 
q= 2 + Mk. If we neglect recoil of the nucleus, q = z , and then 3%, is simply 


related to the proton emission angle by 
k 
ky cos Ss 


Cos Uy = 


k (8 (14) 


p) 


Inserting (12) into (10) and using Racah techniques to sum the Clebsch-Gordan 
coefficients over u,m, and k’, we arrive at 


S eT ane 
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————— 


_41~= Nie a 
| My (k, q) = in n 8 —* D}\ i! Orca. (2ln + 4) (dp + 1) (2,200 | 2,210) x 


hls Uy m 


X (Jn200 | 221.0) (Lnd200 | Zndod0) (Zo1,0m | Lolylm) (slopnme | sly M) x 
x WwW (lolpl2; Ll,) «ma | UU? iT (AR) Yim (Ox x) Die x (Fit, (a, B, q) a Fu, (x, B, q)). (15) 


2 1, 
If g?— 82+ 02% 289, then Pi, (2,8, 9) ~ (32) and the greatest contribution to 


(15) is from the /, = 0 wave. In this case the expression is greatly simplified, 
and we have 


v Sui hie eae ah , 
My (k, q) = gq 80 Sp Dii*<Ma| ns Up) (Slop | SlyFM) 7:,(%Ro) Vig, (xP) X 


X J} (%p200 | 152000)? Br, (Figo (a, B) — Figo (%, 8,9)). G6) 
In 


4. Proton angular distribution from the stripping reaction 


In the Born approximation the expression for the differential cross section 
for stripping is 


4 * * k 


where M; and Mj, are the reduced masses of the proton and deuteron, respectively. 


Further, the square of the matrix element must be averaged over the triplet states 


of the deuteron and summed over all possible states of the system after the inter- 
action, i.e., over the quantum numbers // and 1, of the nucleus and proton. When 


this is done in (15), the proton angular distribution in the (d,p) reaction is 
given by 


gh Re *17* ky ~2 72 . GC 
do = yaaa (QI +1) MpMa ye {gi Q? (a, K) jr, (Helo) Gi, (B) + 
+ 2n8p > (Gi, (8) Dio(o.8,9) + Gi, (B) Dio (#89) 1 Ft. (K-Ro) Ft Ao) Yio( Fu) O(%s%) + 
1 
+a yy Sees (JL00 | 2L1'0) (LLm0 | LLU'm) Dim Dim X Ti (KRo) ju-(bR)yralsa)} dQ,, (18) 


iim 


Gy, (8) = (2ly+ 1)” D} (15200 | 252020)? 2, (Bo) Bins (18a) 


In 


| Chey 
Dim = 3 Nite YW CED (2y + A) (2a + 1) (L4200 | 4220) x 


Lilestey 


N 
X (Jn 200 | Jn 2050) (2nl200 | Znda 0) (Lol ,0r | lolglm) x W (lebnl2; bilo) (Piste (%) — Pin. (*)) Bla sive: 


Our result for the proton angular distribution has the following attributes. 
The first term, related to the neutron-nuclear surface collective interac- 


eti lmost the same as Butler's.1,2 
tion ives a proton angular distribution that is a 

The Aaa term, related to the collective interaction involving the proton, gives 

a different angular distribution. 


Since (18) is a superposition of spherical Bessel functions with different 


1, the angular distribution it gives is considerably more complicated. 
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L k,\2 ]—2 ; 
Because the cutoff factor ja? + (ky — +) does not appear, the 7: (kR,) 


with large / will contribute significantly to the angular distribution at large 
angles. The second term results from interference between the above two processes} 
Inasmuch as the /’,,, function entering into the third term is proportional to 


arc tan “4, the proton contribution to the angular distribution must have a 


resonance character with a half-width T = 28q¢~V 2E aH, (where FE, is the resulting 


energy level of the final nucleus). 
The total cross section becomes a maximum when the incident deuteron energy 


is f=? (eels These resonances will be quite wide: as much as 10 Mev. 


Far from these resonances, only the l, = O terms contribute significantly 


to (18) and (18a) (since Fi.~(q2) + Then the expression for the differential 


cross section is greatly simplified, becoming 


(pele ee 
do = F0F¥ (07 4-1) MpMaz? ft (eRe) (*(K) Gh @) + 
+20 (K) Gan, (8) Gpt, (08,4) Yo (9x) + (2ly -+ 1) Gtr, (24,8, 9)} dQp.- a” 


In this case the angular distribution will have a main maximun, corresponding 
to the function j,(kR,), but this maximum may be shifted somewhat, due to the inter: 
ference tern. 

Furthermore, one must expect an important contribution to the angular dis- 
tribution at large angles. Since the interference term in (18) and (19) changes 
sign on going through resonance, the angular distribution should change radically 
when the deuteron energy is varied through this region. 

The expressions obtained for the angular distribution are valid not only for 
collective levels, but also for single-particle levels. One must, however, recall. 
that in addition to the collective interaction there occurs interaction of nucle- 
ons in the potential well.2 

Noting that the neutron contribution to the matrix element is the same as the: 
matrix element obtained by Bhatia, we can write the differential cross section 
with the inclusion of the potential interaction, in arbitrary units, in the form 


do = Aj?, (kRy) (Q? (K) — 2V 4 Q(K)C (8,9) Yio (Sx) + (2ly + 1) © (8,9)} AQ2p. (20) 


Here A is an arbitrary constant, and Cis a parameter which characterizes 
the relative efficiency of the collective interaction compared to the potential 
interaction. Since the collective interaction is weak, the third term in (20) is 
unimportant. However, the interference term, as was mentioned above, changes the 
angular distribution at large angles, due to the potential interaction, so that 
the total distribution will differ from that of Butler. 

One may expect to observe the above effects in stripping reactions on nuclei 
with several protons outside the closed shell, for which the collective interac- 
tion of the proton with the nucleus will be as large as possible without too much 
deformation of the even-even nucleus. 
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BETA-TRANSITIONS IN WEAKLY DEFORMED NUCLEI 
- B.D.Konstantinov & vV.1.Ovcharenko 


Introduction 


The shell model provides a convenient means for classifying the degree of 
forbiddenness of B-transitions. It cannot, however, explain the existence of 
two groups of ft values for allowed transitions. To explain the experimentally 
observed ft values one must turn to Bohr's unified modell. 

Several authors2~4 have used this model for theoretical B-transition studies 
taking into account the interaction of the odd nucleon with the nuclear surface 
(mostly for the case of strong coupling). 

Below we give a calculation of the nuclear matrix elements based on the work 
of Korolev”, who deduced the wave functions and energy levels of odd nuclei on 
the weak-coupling side of intermediate coupling. Nonadiabatic terms and the two- 
phonon states are included in the treatment. 

We shall restrict our considerations to the nonrelativistic approximation 
for allowed and once forbidden 6-transitions, assuming scalar and tensor inter- 
actions between nucleons and the electron-nutrino field. 


1. Formulation of the problem 


In order to find the ft values one must know the nuclear matrix elements. 

We calculate the matrix elements for allowed and once forbidden B-transitions 
between nuclei consisting of an even-even spherical core and an "extra (odd) nu- 
cleon. 

The wave functions of such a system? can be written 


Wyau(r)= VY ansvin gr (7, k) On [Rs (K)l; JM], (1) 
RsKIN 
where R is the nuclear surface angular momentum, s is the nucleon spin, K=R-+s, 
1 is the orbital angular momentum of the nucleon, J is the total nuclear angular 
momentum, Mis its z component, V is the number of phonons, and J, is the princi- 
pal quantum number of the collective energy level. 

Further, ¢(r,k) is the radial part of the wave function for a nucleon in the 
spherically symmetric field V(r). The angle and spin parts Y),,(3,9) and y.* of the 
nucleon wave function are included in OMy[Rs(K)l; JM}. . 

The @y[Rs(K)l; JM] wave functions correspond to a definite scheme for coup- 
ling the angular momenta, and they form a complete set of orthogonal functions ac- 
cording to 


My [Rs (K)l; JM] = >) (KIM —mm|KlJM) x 
™M,™Mg 
x (RsM — m—m,m,| RsKM — m)¥im(9, 9) x? OF” 8 (R), (2) 
M—m— 
where My ™s(R) is the wave function of the even-even core with spin # in the 
representation in which the phonon number JV is diagonal. 
We shall use the notation 
(U’ 200 | 1210) b) (Ro) $y» (Ro) 
UY 5--— Bin ae) i 


Tie (t) = (3a) 


e= 29° 5) [Ti (0)? (Ws — Eve); (3b) 
- 


RRO 


aed Lelie 


N (W,, 1,)=1 +e")! [Pi (&12) |? ++ 2¢4 >| [fi CAWey (0), (3c) 
1 = 
3 [a i "/ 5 Me (3d) 
and g° = kRy (5) (=) 
Ein = fy, a NhWs, (3e) 


where F, is a single-particle level, fiw, is a collective level, and R, is the nu- 
clear radius. 


eee nen assuming that there exist only two quanta of surface excitation, the 
ap°xin amplitudes for the no-phonon, one-phonon, and two-phonon states are of the 


form 


Pip ee calibl 
aan Vis(Vepisle)a (4a) 


Byki = — g (2K + 1)" W (125K; Is) (2p + 1) TH (613) aly, (4b) 
Ce = V2 pe (2K + 1)(2R + 1)*W(KRJIy; sl) W(2RU'1,; 21) x 
QE) 1)" (20 $51)" 77h. (aig) 773 (0) af: 2 
The angular momentum /, above is determined by the inequality 
JaF<h<s+4 (5) 
and the level parity, while the energy is given by 


~ J} (lp 200 | Ly 210)? Y? (Fy) 4? (Ry) 
Wy = Ey, + 8 27 
J iat 8 pa W ,—E,—hoz—e)(W;) * 


(6) 
We shall use this model to calculate the nuclear matrix elements. 
2. Calculation of the nuclear matrix elements 


In this section we calculate the squares of the nuclear matrix elements for 
allowed and first forbidden B-transitions with the wave functions given by (1). 


Allowed transitions 


For allowed transitions the squares of the matrix elements are of the form 


2 epee () wi) 7 |? (7) 
“i * i 
= —— Ie ‘M’ wes dr| ’ 
\\ Ii 2 a \s anes 
oS : 
ce oe 4 ° *(/) or) dt | (8) 
\\2 ast seat Dee) | a abe 


where “>, is the daughter-nucleus wave function with angular momentum J’, and 
wis the initial-nucleus wave function with angular momentum J. 


To obtain the result of (7), one must sum Clebsch-Gordan coefficients over 
the magnetic quantum numbers m and ™,, and Racah coefficients over the angular 
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momenta R, K and /. As a result of this summation one obtains 
Boe 
meet 


or ‘9 ati ‘ (9) 
< slay Mae ork, ME Sige 0 ABLE Da 70al ee 
4] = [err tata 2a, Hitt Danrnerrn | Oa acre! 


where the ai oe, Bi. 1, and Cu are given by 


tae 4 (10a) 
tole YN (Wyo) 
Bly, = — § (2ly + 1)* Thi (G12) iat (10b) 
Cite = V2 gt (lo + 1)" (2U' + 1) Tih (ers) TH (0) ara, (10¢) 
and J}, is the integral 
mes, vO, bo (7, Kyredr, (11) 


in which ¢:(7,k) is the radial part of the wave function for a nucleon in the nu- 


clear field V(r). 
The expression in (8) was obtained, following Condon and Shortley®, by first 


finding the matrix elements 
(a’J’M’|s|aJM) 


with the angular-momentum coupling scheme 


J=R+s+1=K+1. 
Then by summing products of Racah coefficients over R, K and / one arrives at 
ea 
[o} 


Bi, 
0 Se iE ome 12 
x {er a taal lo : ie (Ql, a 1) Ih, + 2 (2lo a ae = 1) it 5 Wt . ( ) 


Be (Oye 4 [s(s + 4) (2s + i W2(J1 1,8; Js) X 


As will be evident from (9) and (12), for allowed transitions we obtain the 
usual selection rules for J (namely AJ = 0 for \\1 and AJ = 0, +1 for Sef) 
and conservation of parity 1) =). 

First forbidden transitions 

For this case one has to calculate the squares of the matrix elements 

ee \ (er), \ (xr) and | Bus 


where 


Bx; = Op%; -b Oj;L_ — = 8x5 (or). 
2 
In calculating \\r| the radius vector r is treated as a tensor operator of 


rank one whose components are given by the spherical harmonics according to 


a Vee TY im (9, ©) == yee Ms (r). 


Then making use of the formula for the i 
and performing some calculations similar to 
at 


ntegral of three spherical functions 
those used to obtain (9), one arrives 


oh 


\ Yam (r) | Sel 2) Ly (sles lens 1) OC sel el a (13) 


where 


| 


OU FA) lay Aigt, (20y + 1)" (10900 | Mdol60) Lh 4, + 
0 
! "hie J 1, ! y Z 
+ Bry Bin, (21 + 1)" (1100 | 10'0) W (21,14; U'1,) Py + 


SEES put Jle 9 1, ae, 
= Vly Cut (21 + 1) (1200 | 1220) W (2lgle4; dy) W (21g; dy) By PP. (14) 
1,1, 
To calculate the other matrix elements for this case it is convenient to 


write (or), (sxr) and 8,; in the form 
aim aint 


(or) = D) (—1)"omrim = —V3 >} (11m,— m| 1100) opr, 


m=—1 m=—1] 


oa — 3 a aud 
(oxr) =i V2 > (are. ON 111i ane ee Y 14m (or) 


q=—1 
and 
eeanee Bes . 
Tw: FA Ie 
2|\ Bri = "gD |\¥on@) 9 
| ers ial! 
3 Yan (e) = © Signo) 1120) car, 
& q=—1 


In this notation it is easy to make use of the expressions® for the form 

_ factors of the first forbidden transitions; in it, in addition, one can calculate 
the matrix elements by means of known rules for products of tensor operators. / 
In this way one obtains 


=3 . |p 3 JV0 So to 
Sen] Sire erat (15) 
eplan Sure kilts tints j J’1, A 
[Sen | =F > [\¥im@)[ = sq] atl Gs) 
m=—1 
BRI pe > |2 ok wear wep 
) 3 |) Bes Cony > | Yam) =| ag es 
kj m=—2 
where 
Foggy Tte (4) "9" 2 ((27" 4 1) (27 +1) (2e-+ AN Is (6 + 1) (2 + ANN” x 
x J’ J) ; (18) 
; 1s s | OU haPipeig). 
hia 


PRR 
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The Racah coefficient in (13) and the 9-j symbol? in (18) imply the selec- 
tion rules 


2 


a 


? 


nie a) tor |\ (er) 
a face pc for \rf and (eal, 


ji’ —J =0, +1, +2 for >| Bul 


kj 


The factor Q(J; J; lo’, Jo) in (18) differs from zero when 


I; —1l, = 2n + 1, 


where n is an integer. Thus first degree forbidden transitions are accompanied 
by a change in parity. 

The radial integrals (11) entering into the expressions for the matrix ele- 
ments are calculated in the Appendix. 

As an example, we have treated the specific B-transition 508n7] —> 515b70- 
This transition belongs to the group of allowed unfavored transitions in which 
the nuclear spin changes by one unit. 

The numerical values used in the calculation were the following. The nucle- 
ar radius was calculated by the formula 


R, = (1.27- Ah + 0.6)-1078 om, 


and the energy of the first collective level of the even-even nucleus was taken 
as ho, = 1.3 Mev. 2 
The odd nucleon-nuclear surface coupling constant was chosen so as to obtain 
the correct binding energy for the odd nucleon. With these parameters one obtains 
2 = 1,35-1072, 


\p 

This, in turn, leads to log ftipeo = 5.549, which compares favorably with the 
experimental valuel9 of log ft = 5.0. 

It is thus seen that when collective effects are taken into account the 
agreement with experiment is relatively good. 

We desire to express our deep gratitude to A.M.Korolev for his constant in- 
terest in the work and valuable advice. 


Appendix 
Calculation of the Radial Integrals 


The expressions for the nuclear matrix elements contain integrals of the 
form 
= 
Thy =\ if) p@ re? ar. 
(Al) 


To calculate these integrals one needs to know the radial wave functions of 
the proton and neutron. 


The normalized radial wave functions of the neutron in a spherical rectangu- 
lar potential well of depth V, are givent! by 


di, (7 )aesuty Tce an) (Eg eae (A2) 
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Hr (r) = B, Kyi, (ar) (ar)2, or > R,, (A3) 


where J,,.,(tr) is the usual Bessel function of semi-integral ‘ 
2 = order, X,,,, (ar a 
modified Hankel function, and S eee Ca eats 


V 2M (V.—| 2; )) 4 / 2M ; EB] 
h2 J iS apy 


2k3 1/, 
ah kR.)? Ian (aR) Kiya, (ao) (A4) 
| 0) Ky (aRy) Fis, (KR) —Jy_, ERo) Fy 4s, ce] 
— 2a3 we 
B, | . a i 
laR.\2 K =, (alto) K 145/ (aR) " 
\( 0) Ke, (aR) Figs, (#Ro) — Ja, (eRo) Jy, (4) 


ye Tice, (ho) 
Ky 44, (¢Ro) 
To obtain the proton wave functions we solve the Schroedinger equation with 
the potential 


(A5) 


Vy Vetor r= R;, (A6) 


Wh 2 
Vie for Rk. (A7) 


r 


The inner-region solution regular at r = 0 is given by a Bessel function in 
the form 


y (7) = C, F144), Gr) (Br), r< Ros (A8) 


where / 2M (Vi— | E; ! 


B= / = 


The outer-region solution finite in the limit as rc is of the form 


Woaey. (7) (AQ) 
) — , 2 . R 
Y, (r) =D, (aye) ie p FS 0° 
1) 
W 1 e TIP aT aT ee ra 
ac / 2M | B’)| 2MZes 
a eh a 
2 ‘ : 


and W,,).1,(2yr) is Whittaker's function.12 ; 
Integrals involving W,, 111, (27r), are quite complicated in general. It is known, 


 however,!2 that 
! ee 
y Wi, 1-443/, (z) =e 2 25> 4 +0 (x-})} (A10) 
2 for jargz|<x in the limit as +—~-»~, and 


C i res (Al11) 
\ "1 +t di = oP oe Mh ER ghar (x). 

oe x 
A 
iy This last equation is valid for all . 
By peas 2yR, it can be shown that in a sufficiently large energy in- 
i. terval, 212) >1. This then makes it possible to use not the exact solution (A9) but 
ie ? 
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its asymptotic form 
0 (=D ar)” eat re (A12) 


One may now use (Al10) and (All), set (A12) equal to (A8) at R,, and make use 
of normalization to arrive at 


(A13) 


238 Ys 
C, —— y 4 A ? 
(@R)* [(4-+ pe) Thay CR) — Jr, OP) Teper (aRs)| 


J 4p, (BRo) 4 (A14) 
(2p)? “4e"% 


2 (27)8 "2 
fe ro [(4 + ae) J? a, (BR) (BR,) J R | 
To Re) Jit%, (PB) — Jy, (PRo) Ji4s7, (PRo) 


D, = 


Having obtained the wave functions, we calculate the integral (Al), which 
we write in the form 


N N A 
Hy = + 1, (A15) 
where % Va R* (27R,)° 
r « i) 0 4Tfto) 
yp =\ yyy rt? dr = Dy By aa dtyy ¢ ae (A16) 
Ro 


and the integral 


R 
A(1 * i 
yp = \ bf? pO 48 ar 
0 


has been calculated for 


Writing 
R, 


Gi_npy, (% 2) =| rtp tp, (47) Jy_pysy, (br) dr = 
0 


bRoJ, jk (aRo) J (oR, )— aR, J Ro) R 
— Lays 0) ¥ 1—k—1/, 0 0% ike (a 0) l—k (b ) 
= a a +4/2 o (A17) 
and 
R, 


Ahinty,, -n—1, (% 2) =\ rT nti, (OP) Ti pn—sy, (Or) dr = 
0 


l-+n 

SS ay Beg cr yell cece ena 
~ ae ee SS eee: Crp n—tiy, (4 2) + 

a . oe 
fein 1 ; sin (a — b) R, — (a — b) Ry cos (a —b) R, 
™ ~ (ab)'/? (a — b)? 
1 4 sin (a+b) Ry —(a+b)R 
Mey scrip oil tg o— (4+) Ry cos (a+b) R 
tua) ™ ” (ab)'/2 (a + 6)? 4 (A18) 


we obtain //) for the cases of interest, namely, 


y°Q) AG 
= Bye Gy 1s), (B, &), (A19) 
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Creel 
FVepggeinns ted 
' I+L1 (Bk)*/2 ay 1+1—1/, (8s *), (A20) 
Cet 
[EY ae fast at 
Tr 1 = (8k) */2 Aya, 1—1/,(k, B). (A21) 


The constants 4), B,, C, and D, are given by (A4), (AS), (A13) and (A14), re- 
spectively. 
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MAGNETIC AND QUADRUPOLE MOMENTS OF WEAKLY DEFORMED NUCLEI 
- Yu.L.Gurin, A.M.Korolev & B.D. Konstantinov 


In order to check the validity of the Bohr-Mottelson model ,+ we calculated 
the magnetic and quadrupole moments of deformed nuclei for strong coupling be- 
tween the odd nucleon and the nuclear collective modes. These quantities have 
already? been calculated for intermediate coupling of the odd nucleon with the 
nuclear surface in the specific case of odd nuclei close to the magic numbers. 
In the paper cited, however, comparison with experiment was not carried out for 
a sufficiently large number of nuclei, which is necessary for a true verification 
of the phonon treatment of collective excitations in the Bohr-Mottelson unified 
model. 

Since several parameters enter into the theory, the results will not be un- 
ambiguous unless these parameters are determined from other experiments. It is 
to obtaining such unique results that the present work is devoted. 

We consider magnetic and quadrupole moments of odd nuclei consisting of an 
even-even spherical core with an "extra" nucleon. The wave functions and energy 
levels of such nuclei have been obtained? in the two-phonon approximation on the 
assumption of intermediate coupling. 

The expressions obtained2 for the magnetic and quadrupole moments are 


Ub = ty — pe, (1) 
where 
t= J | gra? + >) 85 (27 +1) W? (2jlys; JD) Bh, + 
Usa) 
+ Dy ei2/ +A OR +1) 2 (Riles; IM) Qua), (2) 
»ly) 


Sik. 21), 55 2) ree 
U2 De, 8p) (2) + 1) aT Tay? (2ilos; J2) Bi, + 


ae era Os JJ+4+R(R4+1)—-JU+N : 
ee Ah Nee eR giaeeom= x W2(Rils; JD) Qi]. 


The total quadrupole moment of such nuclei may be written 


Q=Qs+ Qp; (4) 


where Q, is the part due to the deformed nuclear surface, and (@, is the part due 
to the odd nucleon. These two contributions are described by 


Qs = 62 (Sn)-Vs Ri ey (2F + 1)%(2I OF | 2) W (sly J2; Ty) x 
x [aut B,, ly me V2 »? Me (21, 12; Ul) Bu, Cir| ; (5) 
Bh 


Qp = 2 (2 + 1)%2(2F OF | 2IIT) W (sl) J2; Jl.) x | (2% + 1)" (20, 00 | 205 190) L1,2, 02), 
"/s | “i ¢ 
+ alee 1)'/* (2100 | 2100) W (20, U’ 2; U,) Tin Bin, Bu, + 
al "2 | i : ‘onl y 
ae rete + 1) (2000 | 212’0) W (202 125 Lgl1) W (2, 22; Udy) Tin Cle, ci, | . (6) 
where 


pes \o (r, k) dy (r, k) rt dr. (7) 


The previous work2 
p ork“ also gives expressions for the a), By, and cl, in the 
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no-phonon, one-phonon, and two-phonon states. 


The ground state energy of the nucleus, which enters into the expressions 
for the amplitudes, is given by 


b Wy —E, — hw — 2g, (Ws) * | =) 


For our numerical calculations we have cho i 7 

Zr91 , Mo95, Bal35 | Bal37, Nal43 , Nal45 | Hgl99, rgd ea SueOTa eee 
one or more neutrons outside the closed shell) and Co°9, cu63, Inl15, gpl21, 71203 
and Bi209 (each of which has one or more protons outside the closed shell). 

When calculating the magnetic and quadrupole moments, the following parameters 
should be determined from other experimental data: the nuclear radius Ro, the depth 
V» of the potential well, the energy fo of the first collective level of the even- 
even nucleus, and the nucleon-surface coupling constant g. 


The nuclear radius was calculated by the formula 


Ry = (1.27A% + 0.6)-107 om. 


The depth Vo of the well was obtained from the binding energy of the last nucleon 
of the even-even nucleus.“ When a proton was used for such a calculation, a cor- 
rection was introduced to take account of the Coulomb interaction between the odd 
nucleon and the core. The binding energy of the nucleon was taken as the differ- 
ence between the experimental binding energies of corresponding odd and even-even 
nuclei.5-7 Exceptions here were Nd145, Bal35 and Bal37. The binding energy of 
the odd nucleon in Nd!45 was evaluated in the following way. All of the neighbor- 
ing odd nuclei have almost the same binding energy for their last neutron: 
W,(Na148) = -6.001 Mev, WW;(Nd147) = -5.732 Mev, and 1V,(Nal49) = -5.853 Mev. 

Since the structure of Nd145 is no different from that of the neighboring 
odd nuclei, the binding energy of the odd nucleon was chosen in the same region, 
namely, W,= -5.850 Mev. The Bal35 and Bal37 neutron binding energies were ob- 
tained from Zeldes.8 The collective-level energy fw was taken from experiment. 9 
In the calculations for Bal35 fw was evaluated on the basis of the liquid drop 
model. bs 

The coupling constant g was chosen so as to make the ground state energy 
given by (8) agree with experiment. _in nuclei containing an odd proton, one of 
the parameters of the theory is G= gd}(BR,). It is chosen in this way because 
when one includes the Coulomb interaction in order to calculate 4¢?(ff,), diffi- 
culties arise. Since the / dependence of 4¢7($R,) is relatively weak, the mean 
value of this function may be taken outside the summation sign in (8). 

The J), integral in the expression for (, was replaced by the mean square 
nuclear radius 3/5 R%. 

Tables 1 and 2 present the magnetic and quadrupole moments of the enumerated 
nuclei evaluated according to the single-particle shell model and the Bohr- 
Mottelson model, together with the experimental values1l0-12, 

It will be evident from the tables that for slightly deformed nuclei better 
agreement with the experimental data is given by the Bohr-Mottelson model than by 
the shell model. 

Be On the whole, in fact, the unified model mBenAtee MepEne results Sates well 
with experiment. Exceptions are Ndl43, Hg201 and Bi209, Since we don't know the 
first collective level of Pp208, it would seem that the liquid-drop YAluog one 

= 1.3 Mev does not correspond to reality. Hence the magnetic moment of Bi 
turned out to be small by a factor of 2. The Nd143 nucleus lies almost ee SS 
 poundary of the region of deformed nuclei, where this model may not be entirely 


applicable. 
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Table l 


Magnetic and Quadrupole Moments of Nuclei with an Odd Neutron 


24 
S lo, e x 10°°* cof 
§ 8 jw (n.m.)| b (n.m)iL (im) lies 
1 Z N ces leee Oo @ |single— theore-—| cxperi- 
ake to) ? |partide| tical |mental theo expe: 
! | 
€ AE A ees € 4 97° 350 
se | 38 | 49 | 87 | gy, | —4,913 | —1,077 |-1,080—1,3) 4,273) — 0,88¢ 
St | 20 | st.| 94] dee | —1,913 | 1,560 |— (1,940,2)|—0,818 | 0,460 
Mo | 43. 4-58 > OB da. | — 1,013 | 0,908 | 0 te 0 Si ae 
Ba 06 79 138 d3/, 4,149 0,020 0,835 '—0,607 | 0,010 
Ba 56 81 137 ds/, 4,149 0,871 0,935 | 0,450 0,510 
Na | 60 | 83 | 443 | fa | 1,943 | 1,764 |— (1,0--0,2)}—4,355) —(,120,4) 
vd | 60 1-85 | 145 | fy, | 1,943 | —1,042 |-(0,69-0,10)/—3,094 
He | 80 419 | 199 P1/, 0,638 0,646 0,004 | 07 7 0 
He | 80 | 124 | 201 | Py, | 4,943 | 1,192] —0,559 [--1,793} 0,600 
Pb 82 WAS |e ZAOU [Bays 0,638 0,776 0,989 0 0) 
Table 2 


Magnetic and Quadrupole Moments of Nuclei with an Odd Proton 


2 
Qie x d0n24 oe 


ae Z N theo. | exper. 
cleus \ 
| | 0,900 
59 1, | 5,793 | 4,730 | 4,648 0,08 | --0,406 | — (0, 13-- 
Gu 59 3 63 ee 3,793 | 2,759 | 2,226| —0,06 | —0,563 | +0,01) 
In 49 66 | 4115 gj, | 6,793 | 5,390 | 5,000 0,15 +-3,601 1,164 — 
Sb ol 70 | 121 | ds, |4,793|4,993| 3,360} —0,13 —0,205 |— (0,30, 2) 
au 81 422 | 203 | Sy, |2,793|1,778| 1,612 0 0 | 0 
Bi 33 | 126 | 209 | hy, | 2,623] 1,824 | 4,082 —0,2 —0,994 | —0,4 


The agreement between theory and experiment is somewhat worse for the quadru- 
pole moments, but nevertheless, if one bears in mind that we are using a rough 
model, it is satisfactory. In some cases, however, theory and experiment differ 
by a factor of 3 or 4. This would seem to be due to the fact that we have not in- 
cluded spin-orbit coupling in our calculations, and to our choice of the liquid- 
drop value for the mass parameter B which is known actually to be somewhat too 
low. This is not so crucial in the magnetic-moment calculation, since there 5 
enters the expression for the coupling constant vg, which is a parameter in the 
theory and is determined from the binding energy of the odd nucleon. 
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DOUBLE-FOCUSING MAGNETIC SPECTROMETER 
- A.S.Deineko, A.I.Popov, P.V.Sorokin & A.Ya.Taranov 


Introduction 


The use in nuclear spectrographs of different types of magnetic and electro- 
static fields in conjunction with appropriate detectors has made it possible to 
investigate in detail different complex nuclear particle spectra. 

At present there are in use a number of double focusing spectrometers with 
inhomogeneous fields. In such spectrometers double focusing is obtained only 
with a total angle of deflection of about x radians.4»2 In view of this, such 
spectrometers are relatively bulky and heavy. In addition, it must be borne in 
mind that realization of an inhomogeneous field with a given configuration is 
connected with practical difficulties; hence it may be expedient to use spectro- 
meters of the types proposed by Camac3 and Prowse & Gibson*. These double focus- 
ing spectrometers have an inhomogeneous field only in the regions of entrance and 
exit of the beam and work with smaller angles of deflection, for example, 90°, 

In such spectrometers focusing in the plane perpendicular to the field is realized 
by a homogeneous field between the pole pieces, while focusing in the plane paral- 
lel to the field is obtained by means of an inhomogeneous field at the entrance 
and exit from the magnet. 

In this report we describe a double focusing magnetic spectrometer with a 
_wedge type magnetic field. This spectrometer was designed for investigating the 
; products of nuclear reactions induced by means of an electrostatic accelerator. 


1. Design parameters 


Bearing in mind the fact that the energy of the products of nuclear reactions 
under our conditions generally does not exceed 8 Mev, we estimated that the re- 
quired value of Hp need not exceed 4*10° oe-cm. With relatively narrow gaps in 
an Armco iron magnet one can readily obtain a uniform field of up to 15 000 oe. 
From this we evaluated the radius of curvature of the particle trajectory in a 
magnetic field: R»o = 320 mm. The design deflection angle was specified as 90°, 

To provide for the possibility of measuring the angular distribution of re- 
action products in the angular range from 0 to 150°, given the design dimensions 
of the magnet, we found that the distance l, from the target to the entrance to 
the magnet had to be 400 mn. On the basis of the proposed experimental conditions, 
we assumed a design value of 410-3 sterad for the solid angle of the spectrometer. 
For conditions of double focusing this solid angle can be realized with a path 
width of 100 mm and height of 16 mm. In this case the entrance angle a in the 
plane perpendicular to the field is 5.79. With this aperture one can obtain reso- 


lution of ~0.1% for firgt order focusing. 
According to Gross’: 
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(where /, is the distance from the exit from the magnet to the point at which 
double focusing is realized, i.e., to the image, 
igd stg + 7 and tey=tga—t, 

where ¢, and «, are the angles of entrance and exit of the particles into and 
from the magnetic field, /, is the distance from the target to the entrance to 
the magnet, and @ is the angle of deflection of the principal trajectory of the 
particles in the magnetic field). Using these equations, we determined ¢«, and 
e, so that double focusing would be realized for /, = 700 mm. Calculations yield- 
ed «, = 46° and = = 4°51'. e 

The expected resolution of the spectrometer for first order focusing 


' h h, a 
a2 ) os yo 7 Mea (3) 
. P /min h app 
where 
es cos (D — g;) cos ¢2 — Ig sin Q , 
aaa COS €] COS €2 Z 
f COS €1 COS &3 We : —s 
Raa = {I( 1, sin Q — cos €2 cos (D — ¢3) ) ae o| OE a ee ®}; 


( 
Rapp = (1 — cos D)(4 + ZL, tg eg) + J, sin D; 


Q = DM —e, — gy; 


a 


yo is the size of the source in the plane perpendicular to the field, and «is 
the aperture in this plane. 

In the above equations the linear dimensions are expressed in units of the 
radius of curvature of the particles in the magnetic field. For our spectrometer 
(a = 2.85°) with 7, = 1 mm, the expected resolution is 0.1%. The magnification 
of the magnet in the plane perpendicular to the field is 0.91; in the plane paral- 
lel to the field - 2.7. The shape of the pole pieces and the particle trajectory 
in the plane perpendicular to the field are shown in Fig.l. 


2. Description of the Spectrometer 


A photograph of the spectrometer is reproduced in Fig.2. The yoke of the 
three-leg electromagnet is made of Armco iron. The magnet coils are would of 14 
mm? section copper bus. Each coil has 320 turns. The resistance of the coils 
connected in series is 1.38 ohm. At the maximum current of 40 amp the power con- 
sumption is 2.2 kw. The magnet coils are water cooled. 

The electromagnet is supplied from a motor-generator. The current is regu- 
lated to within 0.05% in the range from 4 to 40 amp, which corresponds to varia- 
tion of the field from 2 to 15 koe. The corresponding detectable proton energy 
range is 0.2 to 8 Mev. 

The side walls of the vacuum chamber are made of steel and are continuations 
of the magnet shoes. The walls are made parallel to within 0.05 mm. The vacuum 
chamber is connected to the scattering chamber by means of a sylphon bellows. 
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+—-Fig.1. Shape of the pole pieces and 
Conta particle trajectory in the plane per- 
SST EF, ~pendicular to the magnetic field. 


Section A-B 


Fig.2. General view of spectrometer. 


The chamber exit has provision for mounting detectors, which may be either an 


appropriate crystal coupled to a photomultiplier or a nuclear emulsion plate. 


The magnetic field in the chamber was measured by the proton resonance tech- 


nique. 


The magnet together with the scattering chamber is mounted on a platform 


which allows of rotating the magnet from 0 to 150° counterclockwise and 0 to 202 


clockwise relative to the incident beam. The entire assembly is mounted on rails. 
3. Tests of the Spectrometer 


In testing the new instrument we determined the following characteristics: 


: a) the variation of the magnetic field as a function of the current in the magnet 
windings, b) the configuration of the magnetic field, c) the resolution of the 


instrument, d) the effective solid angle and e) realization of double focusing. 
The variation of the field in the gap as 4 function of the current through 


4 the windings is shown in Fig.3. The residual magnetic field after full scale 
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variation of the current o—40—+0 amp is 160 oersted. 
We investigated the configuration of the field along the particle trajectory 


- over a path width of 6-7 cm for two values of the field in the gap: Hp = 3.032 koe 


and Ho = 5.851 koe. It was found that the field configuration does not change 
with increase in the field strength and that the maximum deviation of the field 
along the principal trajectory from the design value is 0.3%. The maximum inhomo- 
geneity of the field along the path is 0.03% per cm. The optical properties of 
the spectrometer were investigated by means of a P0210 g-particle source measur- 


ing 1 x 8 mn. 
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In order to determine the best position for 


the detector we investigated the variation of the 
resolution as a function of the distance /, from 
the magnet to the detector. 
in Fig.4; the aq-particles were detected by a scin- 
tillation counter with a CsI crystal. 
7 the detector slit in this case was 1 mn. 


The results are shown 


The width of 
It will be 


seen that the best resolution (0.15%) is obtained 


# for /, = 686 mm; this value of 


l, is in good agree- 


ment with the design value of 700 mn. 


0 8 16 24 2 IT,amp 


The resolution of the spectrometer was deter- 


mined experimentally by means of a scintillation 


Fig.3. Variation of the 
field strength with the cur- 
rent through the windings. 


Relative half-width 
of the Po19 linc, % 


: SA Se 
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Fig.4. Variation of the momen- 
tum resolution as a function 
of the distance /, from the 


magnet exit to the detector. 


N, number of 
d—tracks 


90 


4 8 12 


Fig.5. Line shapes for an Q-particle source re- 
corded by means of a photographic plate (at left) 
and a scintillation counter (at right). 


1073 sterad. 


N, 
per 7 min 


counter with a CsI crystal and a nuclear emulsion 
plate (type K-1 emulsion, thickness 50 y). 


The experimental line shapes obtained for 
an Q-particle source are shown in Fig.5. The 
curve on the right was obtained with a scintilla- 
tion counter (detector slit width 1 mm). The line 
width at half-height in this case is 0.15 + 0.03%. 
At the left is the line shape recorded by means 
of a photographic plate. The vertical axis is 
laid off in the number of tracks in a 0.25 x 1.5 
cm strip; the horizontal axis in terms of the 
distance in millimeters along the photographic 
plate. The zero level was chosen arbitrarily. 

The width of this line at half-height is 2 mm 
(equivalent resolution 0.16%). The measured value 
is in good agreement with R = 
= 0.1% calculated by means 

of Eq. (3). 

To measure the solid 
angle correctly the dimensions 
of the detector must exceed 
the dimensions of the image. 
The size of the image with a 
1 x 8 mm source was determined 
by means of a nuclear emulsion 
photographic plate. In the 
plane perpendicular to the 
field the size of the image 
was 2 mm; in the plane paral- 
lel to the field - 25 mn. 

The effective solid angle 
Qwas determined as N/No, 
where N is the number of q- 
particles recorded by a 5 x 
x 30 mm detector and N, is 
the intensity of the source. 
We obtained Q= (3.56 + 0.23)> 


pulses 


9,839 9,867 


4, koe 


This is in good agreement with the design value of 4:10-3 sterad. 


The good agreement of the experimental and design data indicate that double focus- 
ing is actually realized in the spectrometer. 
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Thus tests of the spectrometer showed that the experimental values of the 
different parameters are close to the design values and that the spectrometer 


can be utilized for investigating the energy and angular distributions of the 
“products of nuclear reactions. 


‘Kharkov Physical-Technical Institute, 
Academy of Sciences of the Ukrainian SSR 
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PREPARATION OF ISOTOPE TARGETS FOR NUCLEAR STUDIES 
- A.D.Bondar', A.S.Emlyaninov, A.P.Klyucharev, L.G.Lishenko, 
V.N.Medyanik, A.D.Nikolaichuk & O.E.Shalaeva 


In the present report we describe the techniques successfully employed in 
preparation of target foils of 16 different elements. 

While basically some of our procedures are similar to those used in working 
with "large" quantities of isotopes, when it comes to milligram amounts certain 
modifications become necessary. 

We used three different procedures for preparing free (unbacked) metal foils: 
1) electrolytic deposition, 2) vacuum evaporation, and 3) thermal dissociation. 

In all cases choice of the backing on which the metal is deposited is impor- 
tant, inasmuch as for most experiments a free foil is required and the backing 
must be stripped off or removed in some manner. 

Each of the above mentioned procedures has its own peculiarities. Thus, in 
the case of electrolytic deposition important considerations are choice of an 
electrolyte with a minimum content of the deposited element, the electrolysis con- 
ditions and recovery of the isotope remaining in the electrolyte. 

In employing the vacuum evaporation procedure one must be careful in choos- 
ing the material for and the design of the evaporator. 

In using the thermal dissociation technique important factors are the chemi- 
cal compound to be decomposed and the temperature conditions at different stages 
of the process. 


+Fig.1. Electrolytic We prepared free 
cell: 1) anode (platinum foils. ofjNi,sCuji2o, sca, 
or graphite) (this can Co, Mn, Fe, Ag, Cr, Pb 
also be used for stirring and Sn by the electrolytic 
the electrolyte), 2) cyl- deposition procedure. 1~§ 
inder of glass or plastic, The electrolysis was car- 
3) rubber gasket, 4) ried out in cells made 
cathode-backing, 5) copper either of ordinary glass 
contacting plate to cath- or acrylic plastic of the 
ode, 6) cell base of type shown in Fig.l. The 
acrylic resin. conditions of electrolysis 


found suitable for most of 
the enumerated foils are given in the accompanying table. 

For preparing 5 yw thick lead foils we used the fol- 
lowing procedure: some 30-50 mg of the selected Pb iso- 
tope were formed into 1 cm long rods which were then used as the anode. The elec- 
trolyte was 25% hydrochloric acid to which there were added 0.5 g per liter gela- 
tin. To insure uniform deposition of the Pb, the anode was eccentrically rotated 
at the rate of 30 rpm. The electrolysis was carried out for a period of 7-8 hours. 
During this time the lead went into solution and almost all of it was deposited 
on the backing. For complete extraction of the Pb from the solution we then shift- 
ed to a platinum anode and continued the electrolysis for another 10-12 hours. 

The current density was 0.03 amp/dm2. The cathode was a 50-100 pb. thick tin sfoike 
which at the end was dissolved in ammonium polysulfide. 

The method of vacuum evaporation with direct heating was used to prepare 
germanium and beryllium foils. This is a familiar procedure and has frequently 
been described in the literature. The specific problem in our case was to reduce 
loss of the isotopes to a minimum. To this end we prepared special crucibles. 

In the case of germanium we used crucibles of graphite of the type shown in Fig. 
2. This crucible design resulted in a significant decrease of the evaporation 
losses. The germanium and beryllium were evaporated onto tantalum backings. By 


~ 927 - 


| 34 oO*HZ-*10uS 
azoddoo 8 Ov %9ug 

ti ptoe OTWOIIDH c—Z GQ 0¢ u PSUS Tt Lede) ee 10% “O*qreNn JUS } OF 

*omnyetodusy 

SUTSTI UYIM saseouo | 3 ¢ &%os)D 10°OS*H 

—aep uoTitsodap so aqey| [F] (ie De ec ONED G=Z og 08—09| : u 3 00¢ 8O1D WD | 6 
| 3 09 40% q?en 
6 Tu cp (%&z) HO"HN 
Onsy FO UOTINTOS 3 009 cu 

[9] SOREN 01S 6‘0 09 0g Fostsy |sv | 8 

FALE Ge °OS*H | 3 °OS *(?HN) | | 
[7] | 1-14 0S2 81D () ee Lot | toddop 3 OGb O?HL:*?OSed [ed | L 
TW 0g 

*STSA£TOIYOOTO iy 0¢ HO®N | | Sach: 709"(7HN) 

BU TaOe, UP UE LOS ser oral Wet O0T eoo%eN | o1—e a | Ae ens: “Osun |uW| 9° 
S<6'0 uTPe TIO 
3 0S 8(°OS)*IV 

3 08 ¥0S*("HN) . 

[7] = 01-9 GL‘O I u 3 09 O°H ®/s:OSPD IPO! ¢ | 
$¢ O&M zb-"0S) Ivy 
| 3 08 7OS*F HN) 

[7] — ‘ie Got 0%—81 “ UMU TUN TY wt O*HL:’OSuzZ luz l F% 
i, e'e7 ®oq*H 
*uOTy — OI—-8 80‘ og OPO Th 396)  O*HL-*0S0D (a 
—nTOS puocoses YAM Josey a4 tud u 3 oF 8oq°H 
St uoTyTsodaqg *stsATOTY —e13 IO 3 0Z TORN 

se Le ets GOT eles z tee I ee 3.00¢_ __O*HL‘"0S00 (# lod | ¢ 
TW OST (%&2) HO"HN 
3 €e 79°F 
3 8S ¥0%?(FHN) 

[z] oe OFS‘ In et 3 9% O*HS-FosND ROI Z 
sSTSATOIIOSTO ; Tee4s 38 G€ O°HT4O°H*DF8NZ 

8utanp uoTyntos 1T49 | [pF] — 07—T €L'0 OL jumuTyetq| PeUSTTOg| 3 OF O°HL*OSIN {IN | JF 

ee eee a” —— —(F ; T 7 
| dure 4 je d ‘x 
UIATOS ri‘ssou |e4P/ 99°44} Spo. Bane (Tos 20471 tod) uoTy |B! | 
SYIeUsy °F (apoyyzeo ) guTyoeg —yoTyy |Ay TSusp oyAT va Pattee —tsoduioo oy fTOIVOSO TR ee ON 


TTOY¥ |yuUeTAIND 409TH 
J 


SUOT}TpUuOD STSATOIZOOTS pue segATorzOeTS Fo uoTZTSoOduOD 


> 


- 928 - 


evaporation one can also prepare foils of alkali 
03 and alkaline earth metals and of some lanthanides 


reduced beforehand from their oxides. By way of | 
reducing agent we used lanthanum. So far, by this 
procedure we have succeeded only in preparing mag- 


nesium isotope foils. 
The thermal dissociation procedure was used 
In the case of 


a her 
ae to prepare foils of Zr, Ti and Cr. 
exact —P ef fim all three metals we prepared the films by decompo~ 
sition of the iodides. The zirconium and titanium 

Fig.2. Graphite crucible (di- iodides were prepared in the following manner. 7,8 
mensions indicated in mm): The molybdenum glass apparatus used is shown 
1) graphite, 2) copper cable. in Fig.3. A quantity of Zr or Ti (20-30 mg) is 
loaded into bulb 5 through tube 1 which is then 
sealed off. The apparatus is then connected to 
the vacuum system and pumped to 2-4-1075 mm Hg. 
After 40-60 min pumping, the tube is sealed off at 
point A. The ampoule 3 charged with iodine, the 
amount of which should somewhat exceed the stoichio- 
metric proportion, is then broken by impact against 
the striker 4 and the iodine is distilled over into 
bulb 5. Then the apparatus is sealed off at point 
B. The bulb 5 together with ampoule 6 is placed 
in a furnace and heated to 240-250° in the case of 
Fig.3. Apparatus for pre- Ti and 250-260° in the case of Zr. These are the 
paring titanium and zirconi- temperatures at which the respective iodides form. 
um iodides: 1) branch tube The iodide with the excess iodine is then driven 
for introducing the sample, over into ampoule 6 which is sealed off at point C. 


ce 


2) branch tube for connect- The sealed off ampoule with the Zr or Ti io- 
ing to the vacuum systen, dide is then placed in a glass cylinder, the quartz 
3) ampoule with iodine, 4) mouth of which is connected with the deposition 
striker, 5) main bulb, 6) chamber in which a vacuum of 107° mm Hg is main- 
ampoule; A, B and C - points tained. This chamber contains the molybdenum 

at which the apparatus is backing up to 0.1 mm thick and 25 mm in diameter, 
sealed off in successive which is heated by a tungsten spiral in an alundun 
stages. crucible up to 1250° in the case of Zr and to 1100- 


1150° for Ti (the temperature was monitored by an 
optical pyrometer). Upon attainment of the indicated temperature, the ampoule 
containing the iodide is broken and the iodide is gradually sublimated by heating 
it with a gas burner to 220-2509. Upon impinging on the heated backing, the io- 
dide decomposes; the iodine is evacuated and condenses in a trap, while the zir- 
conium or titanium remains deposited on the backing. Finally, the backing is dis- 
solved in nitric acid diluted 1 to 1. By means of this procedure we prepared Ti 
and Zr foils from 1 to 10 yu thick. 

Foils of Cr prepared by electrolysis were found to be brittle and disinte- 
grated spontaneously after 5-7 days. Hence we undertook to prepare such films 
by decomposition of chromium iodide.?2 There are data in the literature!,1° that 
chromium iodide forms at a temperature of 700-9009, which would involve the use 
of special heat resistant materials and complex apparatus. 

We developed a new method for preparing chromium iodide by means of which 
the iodide can be obtained at the temperature of 300° in an apparatus of molyb- 
denum glass. The chromium is first deposited from a sulfuric colution onto a 
mercury cathode. The resultant amalgam is filtered through chamois by suction. 
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Fig.4 
ig Fig.5 


Fig.4. Apparatus for preparing chromium iodide: 1) receiver for mercury, 2) am- 
poule with iodine, 3) branch tube for connecting to vacuum pump, 4) striker, 5) 
branch tube for introducing the ampoule with iodine and the striker, 6) ampoule 
for chromium iodide, 7) tube for introducing the amalgam, 8) retort; A,B,C, & D 
- points at which apparatus is sealed off. 

Fig.5. Diagram of chromium iodide evaporator and backing heater: 1) 

current leads, 2) insulators, 3) tungsten spiral, 4) ceramic crucible, 

5) molybdenum cover, 6) molybdenum backing, 7) molybdenum liner, 8) 

ceramic crucible, 9) molybdenum cup, 10) holder-rod. 


After removal of the excess mercury, there remains a silvery chromium amalgam on 
‘the chamois. All further operations are carried out in the special apparatus dia- 
gramed in Fig.4. The amalgam is charged into the retort 8 through the tube 7. 
Then the ampoule 2 with twice the stoichiometric amount of iodine is introduced 
into the tube 5; then after introducing the striker, the tubes 5 and 7 are sealed 
off. The apparatus is then connected by means of tube 3 to the vacuum pump, while 
the retort 8 is placed in a furnace and heated to 200°. The amalgam decomposes 
}as the mercury is distilled over into receiver 1; upon elimination of the mercury 
ithe apparatus is sealed off at point A and the receiver with the mercury is sealed 
off at point B. Then by means of the striker 4 the ampoule with iodine is broken 
and the iodine is distilled over into the retort. Next the apparatus is sealed 
off at point C. The retort with ampoule 6 is heated to 300° for 30-40 min. The 
chromium iodide formed (a black powder) collects in the ampoule, while the excess 
of iodine and the mercury iodide are distilled over into the retort by heating 
the ampoule to 300°, after which the ampoule with the chromium iodide is sealed 
off at point D. 

The ampoule containing the chromiun jodide is then broken under toluene. The 
chromium iodide together with the toluene is placed in the ceramic crucible 8 (see 
Fig.5), lined with sheet molybdenum 7. The crucible is placed in the vacuum chamn- 
ber which is then evacuated. 

The toluene evaporates and condenses in the trap. When all the toluene is 
evaporated, the backing of 0.1 mm thick sheet molybdenum is heated to ~1050° (the 
temperature was measured by means of an optical pyrometer) and then by means of 
the special holder-rod 10 the crucible 8 is brought up flush against the molybde- 
num backing 6 as illustrated in Fig.5. 

Thanks to the molybdenum liner 7 of the crucible, the chromium oxide is heat- 
ed to approximately 800° and evaporates. Impinging on the heated backing, the 
vapor decomposes. The chromiun is deposited on the backing, while the iodine is 
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caught and condensed in a trap. A vacuum of the order of 2-4-1075 mm Hg was 
maintained in the chamber. Depending on the amount of chromium iodide prepared 
and the dissociation time (from 10 to 15 min) there were obtained chromium foils 
from 1 to 15 up thick. The molybdenum backing was dissolved in 1:1 nitric acid. 
Thus we were able to obtain ductile chromium foils. 

Isotope targets prepared by the described procedures were repeatedly sub- 
jected to bombardment by 5.5, 6.8 and 20 Mev protons with no noticeable impair- 
ment of their mechanical properties. 


Physical-Technical Institute 
Academy of Sciences of the Ukrainian SSR 
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DETERMINATION OF THE RATIO OF K AND L X-RAY PHOTONS IN THE RADIATION 
FROM SOME NEUTRON-DEFICIENT ISOTOPES 
- V.D.Vitman, B.S.Dzhelepov. A.A, Pavlov, S.V.Semenov & S.A. Shestopalova 


1. Description of the Experiments 


As SCE Ee ENS intensities of the K and L x-rays from Hol®9, py159, 
Nd + Pr and Sml45 by means of a proportional counter. All the sources 
were obtained as a result of chromatographic separation of the group of rare 
earths extracted chemically from a tantalum target bombarded with 660 Mev protons 
on the Joint Institute for Nuclear Research synchrocyclotron. The holmium, dys- 
prosium and neodynium fractions were obtained after 3-4 hour bombardment; the 
samarium fraction after more prolonged irradiation in a diffuse beam. The indi- 
vidual fractions were investigated some time after separation so that the iso- 
topes with short periods had decayed completely and the studied activities were 
virtually the pure enumerated isotopes. 

The aluminum counter had a diameter of 100 mm, a length of 400 mm and a wall 
thickness of 2 mm; it was mounted inside an airtight stell housing into which the 
x-irradiation entered through a 20 mm diameter window covered with a ~180 uw thick 
beryllium plate (superficial density 30 mg/cm) . 

The same pressure was maintained in the counter and housing. The radiation 
entered the detecting volume of the counter through a 25 x 25 mm window covered 
with a very thin (~1 yp) cellophane film, after passing through a ~10 mm thickness 
of the working mixture along the path from the housing window to the counter. 
Most of the secondary electrons ejected from the housing window were absorbed 
along this path and did not enter the counter. Between the source and housing 
‘window there was a collimator, the dimensions of which could be varied depending 
on the experimental conditions. 

The counter was filled with a mixture of 80% A + 20% CH4 to a total pressure 
of 700 mm Hg. The argon and methane were purified beforehand by passing over 
metallic calcium heated to 250-300°. 

The recording equipment consisted of a linear non-jamming amplifier, a single 
“channel pulse height analyzer and a "Floks' type scaler. The high voltage for the 
counter was supplied from a VS-10 rectifier. 

The apparatus was calibrated in energy with refe~ence to the x-ray lines of 
a number of known isotopes, namely, Zn®5 (Cu Ky = 8.05 kev), Se75 (As Ky = 10.5 
kev), Inl14 (In Kg = 24.1 kev), Cs137 (Ba Ky = 30.8 kev) and Sml45 (Pm Ky = 38.4 
kev). The relative line half-width was 15% for hy = 10.5 kev and 12% for 24.1 
kev. 


2. Experimental Results 


The ratio of L to K x-ray photons was assumed to be proportional to the ratio 
of the areas under the L and K lines: 
Sr, 


Nx SK 

The proportionality coefficient in the above equation must take into account 
the efficiency of the counter in detecting the K and L x-radiation and the ae 
‘tion of the radiation along the path from the source to the detecting Oru : ; 
the counter. We determined the areas S, and S, under the x-ray lines in os ol- 
‘lowing manner. From the experimental x-ray spectrum (curve ain ‘the eee 
‘subtracted the background (curve c) which was due to y-radiation from the s eee 
and to a minor degree to the intrinsic background of the counter and cosmic rays. 


+ a QF at 
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Spectrum of Sml45 x-rays: a) spectrum without absorber, b) spectrum with 1 mm 
aluminum absorber, c) background. The insert shows the experimental arrangement. 


To determine the background the source was covered with an absorber slug of 0.8 
mm cadmium, 0.5 mm copper and 0.5 mm aluminum. This absorber stopped virtually 
all the electromagnetic radiation with energy <60 kev and transmitted virtually 
100% of the y-radiation with energy >200 kev. 

If in the y-spectrum of the source there are only photons with energy > 200 
kev the experimental background can be subtracted directly from the experimental 
spectrum. 

If, on the other hand, the y-spectrum of the source includes gammas with 
energies between 70 and 200 kev, one must make an appropriate correction for the 
absorption of these y-rays in the slug. 

Gammas with energies from 4 to 70 kev are detected by the counter and can 
be subtracted from the experimental spectrum (in accord with the line shape de- 
termined from separate experiments). Where our particular sources were concerned 
there were no noticeable y-lines in the energy from 4 to 60 kev. 

To separate the effects associated with the L and K radiations we recorded 
the "shape of the K line" (curve b in figure). To this end the source was cover- 
ed with a ~1 mm thick aluminum absorber, which completely stopped the L x-rays. 
The shape of the K line obtained in this manner was then inscribed into the ex- 
perimental spectrum and the ratio S,/S,; determined. 

For evaluating the efficiency € of the counter and the absorption of the 
radiation along the path to the counter we used the x-ray mass absorption coeffi- 
cients Um tabulated by Allen!, The counter efficiency was calculated approxi- 
mately: in the case of our geometry the mean path of a photon in the counter can 
with sufficient accuracy be taken equal to the diameter of the counter. Evalua- 
tions showed that the error involved in calculating the effective mean path does 
not exceed 2%. In evaluating the error in € we also took into account the pos- 
sible error in the values of tm. For L x-radiation the efficiency is close to 
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100%. For N,/Nx we calculated the limit error. 
The results obtained are listed in Table l. 


3. Bounds for the Ratio Ar/hx 


Having determined V,;/Nx one can attempt to find the ratio of probabilities 
for electron capture from the L and K shells. 

If the electron capture leads directly to the ground state of the product 
nucleus, contributions to NV, and Nx are made only by processes arising incident 
to filling of the vacancies in the K and L shells. 

If, however, capture leads to excited states of the product nucleus, then 
in the de-excitation of these states there occurs conversion, new vacancies ap- 
pear in the atomic shells and additional K and L radiation is produced incident 
to filling of these vacancies. No matter how complicated the decay scheme the 
ratio of L to K capture probabilities can be expressed in terms of N’,;/Nx by means 
of the formula ENG foe 
—— — ngy) L+ Wx) —Wy 
N @ z (1) 
1+W,—(qeo ee) We 


Ay ay Nx Or, 
AK 


where w, and w, are the fluorescence yields from the K and L shells, nx, is the 
number of vacancies forming in the L shell owing to filling of one vacancy in 
the K shell, and W, and |W, are the numbers of conversion electrons per decay. 
The values of wx and ng, are fairly well known and can be taken from the 
literature2,3, A substantial uncertainty in evaluating AL/kxk is introduced by 
w,; the L shell fluorescence yield w, depends on the distribution of vacancies 
over the L subshells (n,, mn, n3) and can be calculated by means of the equations 
given by Wapstra et al4; 
__ 1Y1 + Neve -+ Ngvg 
ny + Ng + Ng 


? 


where 


4 = OL, + fie@t, + (fis + hiefes) @L,, 
ve = Or, + fosz,, 
Vai Or; 
here w,, is the fluorescence yield from the L; subshell, and /,,, /,, and /,, are 
Coster-Kroénig transition coefficients. : 
The vacancy distribution can be calculated by means of the formula 


L, . an sulin 
Ce ares —- Ww Ll; 7 "KL, iy 8 Rie Wx), 


1p 
where aa ae the fraction of captures in the L; subshell, W,. is the number of 


conversion JL; electrons per disintegration, nx.; is the number of vacancies in 
the K shell. 

In practice, however, L capture occurs virtually entirely from the Ly sub- 
shell. The values of Or,, NkL,; and the Coster-Krénig coefficients can be Liten 
from Listengarten's3 review article on the Auger effect; the W,.can be deter- 
meee corresponding conversion electron spectra. ‘ 

n Table 2 we list the calculated values of Az/A\e and the 
to calculate these ratios. The uncertainties Hs ee for a oth etka. 5 oe 
the bounds within which the given quantity may lie, judging from the sve given 
by Listengarten3, The uncertainty in \V;/Nx is determined primarily by the un- 
certainties in evaluating II, and ¢,. The uncertainties indicated for W, and Wy, 
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were taken from the references listed under "Remarks". Inasmuch as all the un- 
certainties are nonstatistical in character, we believe it is correct to indicate 


ic for the values of hy~/kx When this quantity is determined according to 
qe e 


‘ Table 2 shows that the uncertaint 
this stems from the fact that },/ 
two large quantities. 


The physical reason for the large uncertainty is that the L peak comprises 
more x-rays connected with K capture than with L capture; thus, for example, in 
the case of Nd140 + prl40, if there were no L capture at all, the L peak would be 
only 1/3 lower. 

It must be emphasized that the above method for determining },/\, from N,/Nx 
is not suitable for small values of the ratio and can yield a satisfactory ac- 
curacy only in anomalous cases when i, > ix. 


y in determining },/,, is very substantial; 
hx is determined as a small difference between 


"D.I.Mendeleev" All-Union Scientific Research Institute of Metrology. 
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REGARDING THE FIRST ALL-UNION 
CONFERENCE ON ELECTRONIC AND IONIC COLLISIONS 


- L.A.Sena & G.F.Drukarev 


The First All-Union Conference on Electronic and Ionic Colli- 
sions, organized by the Academy of Sciences of the Latvian SSR, was 
held from June26 to July 3, 1959 in Riga. Representatives from 
several score scientific-research institutes, universities and oth- 
er organizations, located in the principal cities of the Soviet Un- 
ion, attended the conference. 

The subjects discussed at the conference were inelastic colli- 
Sions of electrons with atoms and molecules and the processes in- 
volved in encounters of heavy particles (ionization, charge exchange, 
formation and disintegration of negative ions). The reports were 
grouped according to subject: each series of reports on specific in- 
OS ae was preceded by a review of developments in the given 

1e e 

The Conference was opened by the review of L.A.Vainstein* which 
described the present state of methods of calculating electron-atom 
collision cross sections. Particular attention was given to the 
problem of collisions of electrons with complex atoms, where a gene- 
ral analysis can be carried out only using the algebraic technique 
developed by Racah. The report considered two specific cases of 
particular interest: a transition between terms of the same confi- 


guration and transitions with change of configuration for one elec- 


tron. The results of actual calculations of the excitation function 
were given in the reports of R.Ya.Damburg & V.Ya.Kravchenko, V.Ya. 
Vel'dre & R.Ya.Damburg, R.K.Peterkop, and L.A.Vainshtein & G.G.Dol- 
gov. In the last report, "Computer Calculation of the Cross Section 
for Excitation of Atoms by Electron Impact", there was demonstrated 


the significant role of partial waves corresponding to large values 
of the orbital momentum of the scattered electron, even near the ex- 


citation threshold. 


A review of the use of variational methods in collision theory 
was presented by Yu.N.Demkov. Experimental investigations of the 


excitation functions were described in reports submitted by I1.P. 
-Zapesochnyi & S.M.Kishko, 1.P.Bogdanova, V.E.Yakhontova, and L.M. 


Volkova & A.M.Devyatova. 
"Dissociation of Large Molecules Under Electron Impact” was the 


title of a report presented by M.V.Gur'ev, M.V.Tikhomirov & N.N. 


Tunitskii. 
The problem of collision of heavy particles was introduced by 
the review of N.V.Fedorenko entitled "Tonization in Ion-Atom Colli- 


-sions." Experimental investigations in this field carried out in 


j i i i described in a ser- 
the Leningrad Physical-Technical Institute were a 
ies of reports presented by Yu.F.Bydin & A.M.Bukhteev, L.G.Filip- 
penko & I.P.Flaks, I.P.Flaks & L.F.Filippenko, and V.V.Afrosimov, 


R.N.Il'in & E.S.Solov'ev. 


i : tions for Excitation 
*See "Methods of Calculating the Cross Sec 
of Atoms by Electrons" by L.A.Vainshtein & I.1.Sobel'man, p.943. 
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Among the reports devoted to charge exchange of ions and atoms 
were "On the Maximum Cross Section for Nonresonance Single Electron 
Charge Exchange” by N.V.Fedorenko & V.A.Belyaev, "Resonance Charge 
Exchange of Alkali Metal Ions and Atoms" by A.M.Bukhteev & Yu. F. 
Bydin, "Resonance Charge Exchange of Positive Alkali Metal Ions" by 
D.V.Chkuaseli, U.D.Nikoleishvili & A.1.Guldamishvili, and "Further 
Investigation of Resonance Charge Exchange of Positive Cesium Ions" 
by R.M.Kushnir & I.M.Buchma. V.L.Tal'roze presented a report en- 
titled "Elementary Processes Involved in Collision between Slow Ions 
and Molecules." 

Investigations carried out at the Kharkov Physical-Technical 
Institute were described in a review presented by Ya.M.Fogel' and 
in the reports, "Loss of Electrons by Fast Atoms in Single Colli- 
sions with Gas Molecules" by Ya.M.Fogel', V.M.Ankudinov & D. V. 
Pilipenko, and "Ionization of Gas Ions in Collisions with Negative 
Hydrogen Ions" by Ya.M.Fogel', A.G.Koval & Yu.Z.Levchenko. 

Analyzing the results obtained in these investigations, Ya.M. 
Fogel' showed that the regularities governing the formation of nega- 
tive ions are consistent with the adiabatic hypothesis of Massey. 
The Massey criterion was the subject of a report presented by G.F. 
Drukarev. Drukarev also presented a review of "Modern Methods of 
Calculating Atomic Collision Cross Sections.” 

In addition to the discussions of individual reports, there 
was held a symposium in the course of which there was a free ex- 
change of views regarding certain problems that aroused particular 
interest at the Conference, in particular, ionization by heavy par- 
ticles near the energy threshold, multiple ionization by electron 
impact and resonance charge exchange. 
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METHODS OF CALCULATING THE CROSS SECTIONS FOR EXCITATION 
OF ATOMS BY ELECTRONS 


- L.A.Vainshtein & I.I.Sobel'man 


Of late there has been a growing interest in the elementary 
processes by which atoms are excited and ionized by electrons. 
The number of theoretical Studies, in particular, has increased 
Significantly in the last few years. At the same time, experi- 
mental data is being accumulated (by Frish's group! in the U.S.S. 
R. and by Fite's group2 and others abroad). As a result it is 
now becoming possible to compare calculations more systematically 
with experiment. The theoretical investigations are based on many 
different approximation methods, and it would be impossible within 
the framework of the present paper to describe these in detail. 
Furthermore, there have been many review articles on this subject: 
in addition to the well known monographs of Mott & Massey (Theory 
of Atomic Collisions) and Massey & Burhop (Electronic and Ionic 
Impact Phenomena), there have recently appeared two new review ar- 
ticles by Massey .3 It should be noted, however, that so far all 
of the more concrete calculations have considered only the simp- 
lest transitions. In the more complicated cases it is difficult 
even to write out the wave equation for the exciting electron. In 
what foliows we shall turn to the general equations of the theory 
of collisions between atoms and electrons, and then, using these 
equations, we shall briefly characterize the approximation methods. 
The problem of collision theory is to solve the Schrddinger 
equation for the wave function WY of a system composed of an N-elec- 
tron atom and an external electron. In order to solve the problem 
in practice VY must be expanded in a set of functions Y (I) in which 
the internal electron variables are separated, as are the radius 
and the angle variables of the external electron. The most con- 
venient representation is then that in which the total angular mo- 
ments are diagonal, i.e., in which T =7LSkE/L7S7, where yLS are the 
quantum numbers of the atomic state, k2i/, are the quantum numbers 
of the partial wave of the external electron, and Ll; and S; are 
the total orbital and spin moments of the system. If the atomic 
wave functions are assumed known, the problem is to find the rad- 
ial part Fy;(r) of the external-electron wave function. 
In general (that is, not restricted to the framework of per- 
turbation theory), these functions must be found from a set of 
integro-differential equations with certain boundary conditions: 


i Ts 
Fr(0)=0; Fr ~ 4rr, sin (tor — | + Tyr, expt (ir ms ay ‘ (1) 


The set of equations for Fy (r) is obtained from the variation- 
al principle 


Or Gt al ES = 0. (2) 


The excitation cross section is given by the /7rr, matrix, 


ents as, itty _OSp + DOLPAN 1p 
OrsbaSo = 8 Dinrpsp 2 CS +) lat) 1 Th (3) 
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The actual explicit form of the equations is strongly depen- 
dent on the approximation wave functions, since exact functions 
are obtainable only for the hydrogen atom. It would seem that 
the Hartree-Fock functions are the most accurate ones available 
for actual calculation. 

The general form of the equations for FAr) is quite complica- 
ted. Racah techniques4 have made it possible to obtain general 
expressions for the matrix elements in (2). However, the calcu- 
lations become quite complicated because one must take into ac- 
count the fact that the single-electron radial functions are not 
orthogonal. A rigorous treatment of this lack of orthogonality 
leads to equations that have been studied so little that it is 
scarcely feasible to use them at the present time. These equa- 
tions become much simpler, however, if a) one accounts for lack 
of orthogonality only between the radial functions of the exter- 
nal and valence electrons, and b) one drops some of the terms 
which contain products of integrals arising from this lack of 
orthogonality and from multipole interactions of the second and 
higher order. 

Such a simplified set of equations is of the form 


| Zr —Urr— ZI om ot Ory Fr’ (4) 
= 


UF = Siar ys (7) F (r) — YB" ye (7) — x0 4A (PPP), (5) 


* 


where y,(r) and yQ{r) are the direct and exchange potentials, P(r) 
is the radial function of the optical electron in the atom, and 
A(PF) is a nonorthogonality integral. 

To simplify the notation, the indices I and Il’ are suppressed 
in Eq.(5). The operator ip includes the kinetic and centrifugal 
energies and the interaction between the nucleus and the internal 
electrons. The coefficients «* and 3% depend on the orbital and 
spin angular momentum quantum numbers. In general, they are of 
quite complicated form, and for lack of space we will not give 
them here. We note only that they can be expressed in terms of 
Racah's W-coefficients, Clebsch-Gordan coefficients, and other 
pita coefficients. These have been tabulated for the hydrogen 
atom. 

The value of the parameter 4 depends on whether the expres- 
sion for the energy of the system is chosen as 


~ ke k’2 
E=Eys+- or E=£Eyus' += - 


=| 


Since the energy Fyr1s or Eys' of the atom must be calculated 
in the same approximation as the atomic wave functions, the two 
representations for - lead to different values of i. This is the 
well known "prior-post" divergence of the literature, related to 
the approximate nature of the atomic wave functions. Whether one 
uses the prior- or post-approximation makes a difference only in 
those terms which contain nonorthogonality integrals. But in our 
approximation the difference vanishes when one uses semiempirical 
radial wave functions for the optical electron. 
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Let us now briefly describe the approximation methods em- 
ployed in collision theory. In most of the calculations performed 
in the past, the collision process is approximated by two states. 
In this approximation Eqs.(4) are reduced to the pair of equations 

A A ke e 3 

[2r, = Uy, == =| Fy, = Upp Fy and [Lr _ Up — =| Fy SS iris Fy; (6) 
which means that all virtual transitions are neglected. In parti- 
cular, excitation of the atom by the external electron is complete- 
ly ignored. For elastic scattering, polarization of the atom by 
the external electron can be partially accounted for by introduc- 
ing an additional potential (varying as 1/r‘) into Upp. No such 
procedure has been developed, however, for inelastic scattering. 

If one drops the right side in the first of Eqs.(6), we ar- 
rive at the so-called method of deformed waves. In this treatment 
the transition amplitude can be obtained by quadrature when one 
solves the independent homogeneous equations for Fir). One then 
arrives at 

| Pre. = Ge |\ Fr Ure, Fr, dr > 


0 


(7) 


It is seen that 7rr, is given by the off-diagonal matrix ele- 
ment of the interaction, taken for the independent wave functions 
of the set W(I). In other words, the deformed-wave method gives 
the most accurate solution of the problem in the first approxima- 
tion of perturbation theory. 

The exact solution of (6) is often called the strong-coupling 
approximation, since it takes into account the influence of the 
inelastic scattering on the elastic. As has been shown by Sea- 
ton's® calculations for oxygen, strong coupling may be important 
for transitions between the terms of a given configuration. When 
it comes to exciting levels in simple atoms such as H or He, how- 
ever, strong coupling would seem to play a smaller role, of the 
order of 10%. 

The Fyr) are solutions of a rather complicated integro-diffe- 
rential equation of the Hartree-Fock type with a given potential. 
It is therefore often necessary to use a better approximation. 
Foremost among these is the familiar Born approximation, in which 
Fi(r) is the J-component of a plane wave (i.e., essentially a Bes- 
sel function of the order of J+ %/:). 

The integro-differential equations (6) can be rewritten in 
the form of integral equations. In some cases this is very help- 
ful, since one can then obtain some general information on the 
cross section. The first approximation in the integral-equation 
method turns out to be intermediate between the Born approximation 
and the deformed-wave approximation. The question of the accuracy 
of the different approximations has been discussed by Drukarev’. 

We note that the U operators include both exchange and direct 
interactions. Therefore each approximation method can, in turn, 
be split in two, namely, with and without exchange. 

Finally, we return to Eq-(3) for the total cross section. We 
note that this expression includes a sum over 1 and Io. Until re- 
cently actual calculations have, as a rule, been restricted to s 


and p waves, but lately it has become clear that even at energies 
as little as 10 ev above threshold, one must take other waves in- 
to account as well. This fact complicates the calculations con- 
siderably, and makes it necessary to have recourse to electronic 
computers for performing the computations. Furthermore, with the 
inclusion of more partial waves, the Born approximation becomes 
more important, for only by its means is it possible to sum ana- 
lytically over ? and lh. This essentially corresponds to turning 
back from partial spherical waves to plane waves. 


"Dp .N.Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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PARTIAL EXCITATION CROSS SECTIONS FOR HYDROGEN ATOMS 


- R. K. Peterkop 


In the present work we use the Born approximation to cal- 
culate some partial cross sections for excitation of a hydrogen 
atom from its ground state to levels in the discrete and con- 
tinuous spectrum. 

As is knownl, in the Born approximation the excitation amp- 
litude for the nim level may be written, in atomic units 


* exp(—iers)tprim (te) dr, dry (n=-1), (1) 


r12 


Qnim (q, ¢) = — q\\exP (iqri) 1p, (rz) 


where q is the momentum of the incident electron, and c¢ is the 
momentum of the scattered electron. The cross section for ex- 


citation of the level with principal quantum number n (in units 
of xa,) is 


Qn (4) = 1 1 3) -—-\ | anim (a, ©) de. ey 
A similar expression is obtained for @Q,(q) , the cross sec- 
tion for excitation of level k in the continuum, referred to a 
unit momentum interval of the excited atomic electron. 
In what follows it will be convenient to make use of the 
quantity o(¢g,c) , the cross section per unit interval of the scat- 
tered-electron momentum. As we showed elsewhere“, in the dis- 


crete spectrum o (q, c) = cn®Qn (9), (C= VG—1 +n”), while in the continu- 
ous one, o (qc) = & (9): (c=Vq@—i—F*). Expanding the integrand 
in Eqs.(1) and (2) in spherical functions, expressing the inte- 
grals so obtained in terms of angle variables by means of Clebsch- 


Gordan coefficients, summing over ™, and using the explicit ex- 
pressions for the radial functions, we obtain 


0 (q; c) == dour (q; a). (3) 


WL 
where 


l [ooo] 
29r+4 (1t00/ LO)? oF ; 5148 
OSCAR ape cay a dc a 


oe Lows 


x exp(— 72 — thr) F(LFE+4, +2, 2ikra)dr dra)’ (4) 


Here /:(z) is the spherical Bessel function, F(a, 8,2) is a conflu- 
, i iele 
ent hypergeometric function, ra(tis ra) = min | ee | and (Jt00|L0) 1s 
a Clebsch-Gordan coefficient. 2 1 
The expression for the discrete-spectrum cross section oyz (q,¢) 


és Dau \ilmak : if 
is obtained by dropping the factor [1 —exp(— =) and replacing 


i 
ast 


by — 
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It is clear that oyz,(q,c) is the cross section for the pro- 
cess in which an incident electron with angular momentum L and 
momentum g is scattered into a state with angular momentum 7 
and momentum c, while an atomic electron is raised from the 
ground state to the state with momentum 4 = /~g@—1—c? and an- 
gular momentum J. 

Let us write 


OL = O1ntL 
l py lL (5) 


then o and o, can be written in the form 


5 (q, c) =|v (q,c, 0)sin 0d0, % (4, ¢) =\w (q, c, 9) sin 68, (6) 


0 0 
where §@ is the scattering angle of the incident electron. 
Obviously, 


ONG C0) — wr (RCA UE (7) 
l 


We then obtain the following results. 
In the continuous spectrum 


4 
911. ¢2 Ee shsgy (hick #2)] exp (— 2a) 
PACA = Dey) 2 +(e +aeP (t+ eae (8) 
a|1—exp (~2)| 
; = 27-¢2 [2x cos y + (x? — 1 —k?) sin y]? exp (— 20) 
weg, ¢, 0) = ees See eee (9) 
Pee aS ews a e 
in the discrete spectrum 
ee erat A \tn—3 
w(q; C, )) = = a l= " 3 (1— =i) nae a) | ; (10) 
valency 
wlqee ae [2x cos z + (2* — 1 + 4/n?) sin z}? [x2 + (1 — 4/n)?]"—* (11) 
q a8 [a2 + (1 + 4/n)2]"*? 
where 
£2 92 2. ahd 2k ¢ 
q gecos 8 +- c?; @ ah Ser pay rh 
~ 1 jah (ct =P 2 
Ye Taree (0S = Me tag 
La 
wi (q, ¢, 9) = (q, ¢, 6). (12) 


It follows from (12) that c>0 as = 3, and ¢c—0oc ag, 9 ae 
0 So . 


We have calculated the cross secti 
: ONS 000, C101, Oo, 
ae incident electron momentum g™= 1.2 (or bn ehorh et Oe oe wie 
e results are shown in Fig.l (where instead of o; we have plot- 


4 
ted —o;). Fig.2 give i ae 
a g g s the cross sections Qatit (9) = 5 Out (4; ©) for 


excitation of the = j : : 
Sees n 2 level for different incident electron 
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0 04 08c 08 72 1b ; 
: 1 4 
Fig.l. 1)-30, 2) wa» Fagecrelys0..0 2) 9 Onc 
4 4 
3) @ S101 » 4) 7 >») G2 5000 « 3) Uses 4) Osg, 5 0) Ono0a 


The dashed line in Fig.l denotes the boundary between the 
continuous and discrete spectra (n= cx). 

The continuum values of 4g, 6), 04; and o, have been calculat- 
ed by numerical integration. In Fig.2 the curves for Q,, and 
Qo are those of Elsasser.3 To obtain 6 for the discrete spec- 
trum we used the results of McCarroll.4 

Noting (see Section 15 of Schiff) that 


of a 
(DGe lees ree pe sem pr arery ee 


from (4) we obtain 


Our (4, ¢) > aur (q) c+, (14) 
Then in the limit as c->0, we find that 


01 (Gs €) = O101 (4, €) = Arpt (9) C2. (15) 


Therefore, close to the excitation threshold (c—0) the main 
contribution to the cross section is from the scattered s-waves. 
According to Wigner®, this should be true for the discrete spec- 
trum also in an exact calculation. It is seen from Figs.1l and 2 
that when the p-level is excited, the amount of scattered  s- 
-waves decreases much more rapidly with increasing c (or g) than 
it does when the s-level is excited. 

The ionization cross section close to the ionization thresh- 


old (q>1or E=£— +0) is of the form 


V%E é 
oion (FH) = \ o (q, ¢) dew V8 5 Gig (1) BY, (16) 
I 


0 
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The partial ionization cross section oi (2 = 0, 1, 2) close to 
threshold was calculated by Geltman in an approximation differ- 
ing from the Born approximation in that exp (icr) in Eq. Cl)" 18 2e- 
placed by (2n)* pe (r) (the notation is that of Section 113 of Lan- 
dau and Lifshits®). Correspondingly, one replaces j; (cr) 1n Eq. 
(4) by 1 Vxl2Ret (r) (where Rx (7) is the radial function for a Coulomb 
potential). Further, Geltman took into account exchange forces. 
He did not, however, bear in mind the fact that the flux of elec- 
trons leaving the atom is double the total number of electrons 
scattered in ionization; his result for hydrogen is therefore 
too high by a factor of two. 

When the plane wave is replaced by the Coulomb wave func- 
tion, the behavior of the cross section at threshold is consid- 
erably altered. Using the expression (see, for instance, Sec- 
tion 36 of Landau and Lifshits§) 


Ra (t) > VeV 2)rlasa V8), (17) 


for the radial function, (14) and (16) are replaced, in Geltman's 
approximation, by 


Our (9, ¢) > aur (q)c and o%™” (E) ore D>) dur (4) £. (18) 
UL 


Thus in this approximation one must include all the scatter- 
ed waves up to the threshold. 

For comparison, we give the numerical values of the coeffi- 
cients which characterize the dependence of the ionization cross 


ion 


section on the energy. According to Geltman*, S} Sito = 0.022 maj (ev)7. 
7=0 


In the Born approximation 5}o1i) + %% — 0.017 sap (ev) *”. 

1=0 

The total cross section in the Born approximation is 
0.078 xa; (ev). 

Experiment9 gives 0.078 xa (ev)". 

Inasmuch as the electron-nucleus forces are Coulomb, Gelt- 
man's approximation is, according to Wigner, the more accurate 
one. Experiment also gives a roughly linear dependence of the 
ionization cross section on energy. But it should be noted that 
one cannot simply apply Wigner's results directly to our case, 
since three particles are formed after ionization and one must 
take into account the interaction between electrons. For ins- 
tance, the role of the electron knocked out of the atom is not 
clear. In Geltman's approximation it is ignored, while in the 
Born approximation it is assumed that it screens the nucleus 
completely. Wanier19, applying classical methods to the study 
of ionization, found that the cross section varies with the ener- 
gy to the 1.12689 power. 


*The result as calculated by Geltman is 0.044 na? (ey)-1, 
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It would be desirable to obtain more accurate experimental 


data on the behavior of the ionization cross section near thresh- 
old. 
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EXCITATION CROSS SECTIONS FOR SOME SPECTRUM LINES OF KRYPTON AND XEN 
—~ L.M.Volkova, A.M.Devyatov & A.V.Kuralova 


In the present work we determined the excitation cross sections 
for five lines of krypton and ten lines of xenon. The excitation 
function curves were plotted by the method of photographic photometr 

The electron gun consisted of an indrectly heated oxide-coated 
cathode and three electrodes. By appropriate choice of the electrod 
potentials relative to the cathode, we obtained the optimum operatin 
condition for the electron gun: small variation in the magnitude of 
the electron current and shape of the electron beam with changes of 
the potential V3 on the third anode, which controlled the energy of 
the exciting electrons. To determine the necessary experimental con 
ditions we first checked the variation in the intensity of the spec- 
trum lines as a function of the electron current at a pressure of 3° 
_ «10-3 mm Hg at which the electron free path in Kr (14 cm) is much 
greater than the dimensions of the impact space. The variation was 
found to be linear up to 1600 La. 


Irel 


A=40654 


A-4098 4 
™ 


Fig.l. Energy variation of the excitation function for four 
Kr II lines. 
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The measurements were carried out with a current of 400 La. 
The main measurements for determining the energy dependence of the 
excitation functions were carried out by the conventional method of 
recording the spectra at different electron energies; the resultant 
spectrograms were then processed by the method of photographic pho- 
tometry. We obtained the excitation functions for a number of lines 
of krypton and xenon. Part of the data were published in Refs. 3 & 
4. Subsequently, we also measured the excitation function of four 
Kr II lines, which are shown plotted to an arbitrary scale in Fig.l. 
It must be emphasized that the ordinates of these curves and those 

tro) reproduced in the other figures are 
not comparable. Figs.2 & 3 show 
the excitation function curves for 
the 4318/19 A and 4351 A Kr I lines. 
The curves for the 4318/19 A line 


Trel 


10 20 TF 40 ev 10 20 30 40 ev 
2 Fig.2 Fig.3 

' Fig.2. Variation of the excitation function for the Kr I 
4318/19 A line: 1) determined by the usual procedure, 2) 
in a retarding electric field. 

Fig.3. Variation of the excitation function for the Kr I 
4351 A line. 


were obtained by the usual method and by the method of a retarding 
electric fieldl,»,2. In using the latter method, a retarding field 
capable of returning all the electrons before they enter the recei- 
ver, is applied between the cathode and the electron receiver. Thus 
‘the field in the impact space varies from the value of the voltage 
on the third anode (+50 v) to the retarding voltage (-6 v). 

By means of the formulas given in Ref.1 one can determine the 
electron energy at each point in the electron beam. The essential 
condition for successful use of this method is that the lines of 
force of the electric field must be parallel to each other at the 
axis of the impact gap. To this end the diameter of the last anode 
and the receiver (37 mm) was made greater than the distance between 

them (20 mm) and the diameter of the electron beam (4 mm). The 
sides of the third anode and receiver, bounding the impact space, 
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were covered with a fine 250 mesh screen. Prior to each measure- 
ment the electron beam was photographed to determine the electron 
current density. As will be evident from Fig.2, the curves obtained 
by the two different methods agree within the limits of the experi- 
mental error. 


Set q-: 107s em? 
Line value of at set at 
eta Ser V3 | V3max_ 

4263.29 20 0,65 0,65 

4273.97 20 1,5 1,5 

Kr 431855 20 2.53 2.53 
4351,36 20 0,8 0.8 

4463,,69 20 1,19 1.19 

4624,27 60 0,33 1,37 

Kel \ 4671,23 60 0,097 1/46 
( 4330, 52 60 1,66 233 

4414, 84 60 1,63 2,37 

| 4462.19 60 1.73 2,81 

} 460303 60 2,28 522 

Xe II) 4615,50 60, 0,49 0,28 
4668,,49 60 0,37 0,46 

4876, 50 60 0,32 0,53 

5044, 92 60 0,29 0,37 


We also measured the absolute excitation cross sections gq for 

the five lines of Kr and the ten lines of Xe, the excitation function 
curves for which were given in Refs.3 & 4. The absolute cross sec- 
tion values were determined by comparing the intensity of the inves- 
tigated lines with the intensity of the continuous spectrum of a 
tungsten ribbon filament lamp of a known brightness temperature. 
This method of determining absolute cross sections is described in 
Ref .5. The cross section values for the five lines of Kr and ten 
lines of Xe are listed in the accompanying table. The uncertainty 
in our measurements is evaluated as +30%. 
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UNCTIONS OF NITROGEN AND CARBON DIOXIDE MOLECULES 


ON THE EXCITATION F 
' IN ENCOUNTERS WITH ELECTRONS 


- I.P.Zapesochnyi & S.M.Kishko 


Hitherto the excitation functions of the spectrum bands of di- 
atomic molecules, i.e., the variation of the intensity of the mole- 
cular bands as a function of the energy of the exciting electrons, 
have scarcely been studied. The few investigations reported in the 
literature have been concerned primarily with the bands of molecules 
in an ionized state (NS and COt+). As for normal, nonionized diatom- 
ic molecules, the band spectra of which are less intense, measure- 
ments have been carried out only for a few bands of nitrogen.l 

These measurements were performed 25 years ago and the intensi- 
ty was determined by the photographic technique. Owing to the rela- 
tively high nitrogen pressures (~0.1 mm Hg) employed in the experi- 
ments, there occurred multiple collisions of the electrons with the 
nitrogen molecules, as well as other secondary processes, which led 
to distortion of the true shape of the excitation function curves. 
As was shown earlier by one of us3 the true form of the optical ex- 
citation function can be obtained only in the absence of multiple 
collisions, second order impact and step excitations (this will ob- 
tain only at low gas pressures and minimal electron current densi- 
ties) and also provided the electron beam is reasonably monoenerge- 
mic. 


0 20 30 40 VV 


x , : : : : ; RiGhe 
Fig.l. Excitation functions of Fig.2. Excitation func 

he bands of the second posi- of the bands of the Angstr&dm 
tive system of Ny. system of CO. 


were the favorable conditions under which we carried out 
our Beeseineats on measuring the excitation functions of the bands 
of normal No and CO molecules in the visible region. The band ee 
tensities were measured by the photoelectric technique (photomulti- 
5 ‘ : PPanhs | | 
eae ica paratue and procedure were described earlier3 
‘so that here we shall give only the results of our Cae t aed beri ots 
Fig.l shows the excitation functions of the 0-3, ox oe ess 
-pands of the second positive system (C211>B3) of molecular nitrogen; 
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Fig.2 gives the excitation functions of the O0-»0 and 1—»l bands of 
the Angstrim system (B1Z->A'd) of carbon monoxide. AS will be evident, 
from the figures, the excitation functions of all the investigated 
bands of No and CO begin immediately above the excitation potential 
of the upper electronic levels Bz (for Ng) and C°7 (for CO), the ex: 
citation potentials of which are equal to 11 and 10.8 v, respective--: 


ly.4 

: The peaks of the excitation function curves for all the bands 
of the given system coincide (within the limits of error in measur-— 
ing the accelerating potential, equal to 1 v) and are located at 18 
v-for Ng and at 20 v for CO. With further increase of the accelerat. 
ing potential, the curves fall off, at first rapidly and then very 
slowly. 

The excitation functions of the Ng bands are characterized by a. 
sharper peak, which lies closer to the excitation potential (~7 ev), 
while the maximum in the curves for CO is somewhat rounded and is 
located somewhat further from the excitation potential of the band 
~9 ev). The reason for this apparently lies in the different mul- 
tiplicity of the electron levels of the respective molecules (trip- 
let for Nog and singlet for CO). 

These results were obtained at a pressure of 4.5-10-3 mm Hg for 
nitrogen and 3-10-3 mm Hg for carbon monoxide and electron densities 
in the beam less than 1-10-3 amp/cm2. The velocity spread in the 
electron beam was about 1 v. It is interesting to note that, as was 
shown for the case of nitrogen in Ref.3, with increase of the gas 
pressure the position of the excitation function maximum shifts to 
the side of lower potentials (owing to onset of multiple collisions). 

For example, in measuring 
the excitation function of the 
O—»4 band of Oxxeen even at 
pressure of 107-4 mm Hg there 
occurs some distortion of the 
curve, which in this case vir- 
tually coincides with the cor- 
responding curve given by 


im 
| 


Langstrothl. 
i — _ = Fig.3 shows the excitation 
| A Vy function of the 0-—»3 band of Ng 
Fig.3. Excitation function of the as measured in a relatively wide 
O--3 band of the second positive range of electron velocities (uy 
system of No. to 200 ev). It will be seen 


that the slow 

curve after the peak is essentially monotonic. Hescent Oh dae 

It is evident from our experimental results that the excitation 
functions of the investigated bands of normal N2 and CO molecules 
have no noticeable secondary maxima (the relative intensities were 
measured with an accuracy of 2-5%). In contrast, the excitation 
functions of the ionic bands of these molecules exhibit fine struc- 
ture, i.e., have a number of clearly pronounced maxima. 
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EXPERIMENTAL INVESTIGATION OF THE EXCITATION FUNCTIONS 
OF ATOMIC SPECTRUM LINES 


- 1.P.Bogdanova 


A significant role in the emission of glow discharges in rare- 
fied vapors and gases is played by inelastic collisions of free 
electrons with the atoms of the gas. Hence determination of the 
cross section for inelastic electron-atom collisions and the varia- 
tion of the cross section with the electron velocity is of great 
interest. 

At present the most commonly employed procedure for experimen-— 
tal investigation of the optical excitation functions is the double 
field method of Hanlel. This procedure allows of measuring the ex- 
citation function of spectrum lines with a relatively high excita- 
tion potential. The Hanle procedure is not applicable for measure- 
ment of the excitation functions of spectrum lines with an excita- 
tion potential of the order of 1.5-3 v. 

In order to obtain intense beams of low velocity electrons one 
can use a retarding field. However, measurement of the excitation 
function in a retarding field is feasible only 
if the atom emits at virtually the same point 
in space where the collision occurred. Simple 
calculations showed that for most atoms the 
displacement during the time the atom is in 
the excited state should be of the order of 
10-4 cm. So small a displacement can be neg- 
Fig.l. Arrangement lected in measuring the excitation function. 
of electron gun. Consider an electron gun with the electrode 

arrangement shown in Fig.1. The electron beam 
from the cathode C, after passing through the apertures A and Aj, 
enters the space between electrodes Aj and Ag in which the electron- 
atom collisions are observed. In the Hanle procedure these elec- 
trodes are under equal potentials, and the electrons in the space 
between Aj and Ag move uniformly. Now, if we apply a negative po- 
tential to Ag, the electric field between electrodes Al and Ag will 
slow down the electrons; they will not reach Ag, but will stop ina 
certain plane between the electrodes and then begin to move back to- 
wards Al. In the presence of a space charge the potential distribu- 
tion between the electrodes will not be a linear function of the dis- 
tance between them. 

A similar problem was treated by Lukoshkov2 and Gvozdover3. One 
can apply the results of their calculations to our case; to this end 
we need only determine the relation between the coordinates of the 
cross section of the beam and the potential in this cross section. 

In the case of a not greatly divergent beam, the potential dis- 
tribution in the space between electrode A] and the plane in which 
the electrons are turned back must satisfy Poisson's equation 


or = 2en (2). (1) 


If the electron current density is known, we have 
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Io = en (x) v (x) = en (2) “V (2), 


where n (zx) is the electron concentratio i 
. n, and v(x) is h 
velocity. From the above we can F) (x) the electron 


I 


eae, (2) 


i.e., in the limit n(z)—ow as V(z)—0. Actuall j 
-€- ; y, however, n(z) is 
finite inasmuch as Av=+ 0. For solution of Eq. (1) there EAS as 
duced the dimensionless quantities 


yt (oe 


am 
See |/2t and sata (3) 


ya —— Vie 7 - 
where /,=~)V2e/m—>, and Vi is the potential of electrode A}. 
: Then, solving Eq.(1), we obtain the relation between S and o, 
i.e., essentially between V and z: 


4 4 ESS 
S =k [(b— 27) VO+ A (bo — 219) Vo + OI, 
where b= at 


In Eq. (4) y, is the value of the reduced potential in the plane 
where the electrons are turned back; a can be determined by means 

of Eq-(3) if the potential on electrode Al, the distance between Aj 
and Ag and the current density /, are known. The current density 
Jo must be measured experimentally. The value of 7, can be taken 
from the y, vs a curves given by Gvozdover3. 

Thus, solving Eq.(4) we can determine the electron velocity at 

different points in the beam, and then Eq.(2) gives us the electron 
-concentration at any cross section of the beam. 

It must be borne in mind that the electrode system under con- 
‘sideration is a type of klystron device, so that under certain con- 
ditions there can be excited microwave oscillations in the system. 
Such oscillations will give rise to density pulsation of the beam 
owing to velocity bunching. This factor must be taken into account 
in specifying the operating conditions. Generally, intense oscilla- 
tions appear when a positive potential of ~200-300 v is applied to 
electrode Al; consequently, to prevent oscillations it is advisable 
to apply lower potentials to electrode Al. 

Moreover, measurements of the excitation functions are carried 
out at pressures of 10-4-10-3 mm Hg. The presence of the gas, on 
the one hand, tends to suppress oscillations, but, on the other hand, 
,makes the problem of finding the function V(z) somewhat ambiguous, in- 
asmuch as the positive ions forming along the path of the electron 
beam partially compensate the negative space charge of the beam. 

In order to check the validity of the above calculations and 
elucidate the role of any possible interfering factors, we carried 
out measurements of the known excitation functions of the 5461 and 
5791 A lines of mercury. The measurements were carried out with 
the following potentials on the electrode: 


1) Va, = +21 Vv; 2) oh St 21 
Var -4 Vv; Vans -8 Vv; 
I, = 40 pa, Tague aa 2 


(Io is the current measured in the circuit of electrode Ag when there 
is applied to it a potential equal to the potential on electrode Aj)- 
The mercury vapor pressure was 10-3 mm Hg. 


Trel Trel 

100 100 

50 50 

A= 54614 A=5791 A 
Die, 50a 8 1 ¥ 2 § 8 7) hy 
Fig.3. Excitation functions 
Fig.2. Excitation functions of the components of the se- 
of the 5461 and 5719 A lines cond doublet of the princi- 
of Hg. pal series of cesium. 


The measurement results are shown in Fig.2. Comparison of 
these results with the data of Frish & Zapesochnyi4 shows satisfac- 
tory agreement. As will be evident from Fig.2, the excitation 
function of the 5461 A line exhibits fine structure; the positions 
of the peaks in the excitation function curve agree within 0.5 v 
with the positions reported by Frish & Zapesochnyi. 

This means that under our experimental conditions the influ- 
ence of oscillations (if any) was minor and that the positive ions 
did not significantly compensate the negative space charge of the 
beam. 

Hence, using the retarding field technique, we measured the 
variation of the excitation functions of the components of the 4555 
& 4593 A doublet in the principal series of cesium (6%S., —7°P.,,). The 
excitation potential of these lines is 2.70 v. The measurements 
were carried out at a cesium pressure of 10-3 mm Hg (110°). At this 
pressure the doublet is reabsorbed. 

The retarding field was realized between electrodes A] and AQ 
(Fig.1) which were maintained at the following potentials: 


1) V4, = +30 v, 2) Va,-™ +380 v; 3) Va, = +30 v, 
Va, ™ 710 Vv; Vas Tarl OEY Va feet eee 
I, = 100 wa, Team rdOPpa,; 7, °= {O0\ae 


The current was regulated by the auxiliary electrode A, located 
between the cathode C and electrode Aj. The relative intensities 
were gaged by the photographic procedure. The experimental results 
are shown in Fig.3. For convenience of comparison, the ordinates 
have been reduced to the same scale. The accuracy of measurement of 


a 
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the relative variation in intensity for the doublet is 5%. As will 

be evident from Fig.3, the deviation of the experimental points from 
the smooth curve is appreciable, but owing to the uncertainty in the 
experimental data we were unable to draw a curve through the experi- 


mental points. 


If one knows the vapor pressure, the dimensions of the vessel 
and the absolute values of the / numbers (oscillator strength), one 
can allow for the effect of reabsorption on the intensity ratio of 
the doublet components. In the present case we allowed for reabsorp- 
tion on the assumption that all the emitting atoms are concentrated 
in the path of the beam, and all the absorbing atoms in the remain- 
ing part of the vessel. For an electron velocity corresponding to 
14 v we obtained the intensity ratio 14555/14593 = 8 + 1. 

It will be seen from Fig.3 that near the excitation threshold 
the excitation curve of the weaker component rises more steeply 
than the curve of the stronger component. As a result, obviously, 
the intensity ratio of the doublet components changes with increas- 
ing electron velocity. Thus, for example, at an electron velocity 
corresponding to 2.9 v the intensity ratio is 2.0; at an electron 
velocity corresponding to 5.5 v the ratio increases to 4.3 and then 
to 8 in the region of 14 v. 


I desire to express my gratitude to S.E.Frish for his guidance 
and interest in the work. 
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XCITATION 
EXPERIMENTAL DETERMINATION OF THE CROSS SECTIONS FOR E 
OF THE 2!S—n'P SERIES LINES OF HELIUM BY ELECTRON IMPACT 


- V. E. Yakhontova 


As is known, the cross sections for excitation of spectrum 7 
lines by electron impact can be determined by the optical procedure. 
The gas, enclosed in a special tube, is excited by a monoenergetic 
electron beam, and the intensity of the excited lines is determined 
spectroscopically. Usually the gas pressure in the tube and the 
current density are made low enough so that the only source of ra- 
diation of the given wavelength is excitation of the atoms by elec- 
tron collisions and spontaneous transitions. In this case the in- 
tensity J; of the line corresponding to transitions from a level 7; 
to another level &£ is given by the expression 


In=CN + Optom 5) (1) 


where V is the number of atoms per unit volume, e is the electron 
charge, iis the beam current, Qj, is the effective cross section 
for excitation of the line and C is a constant dependent on the 
geometry of the experiment. 

Hence having measured the line intensity under conditions where 
Eq-(1) is valid one can readily calculate the cross section for ex- 
citation of the line. In practice the applicability of Eq.(1) is 
verified by checking whether the variation in the line intensity as 
a function of the current strength or pressure is linear. 

Linear variation of the intensity with the current strength is 
observed for all the known lines of helium in a rather wide range. 
Direct proportionality between the intensity and the pressure for 
most helium lines persists up to a pressure of 0.005 mm Hg and high- 
er. In the case of the 2!5 —n!P series lines, however, some devia- 
tion from linearity begins at extremely low pressures: ~10-° mm Hg. 
Measurement of line intensities at so low a pressure is difficult 
owing to the low level of the intensity. Hence determination of the 
cross sections for excitation of these lines by the above described 
procedure is impractical. 

This distinctive behavior of the 2'S — n'P series lines is ex- 
plained by increase in the population of the n'P levels owing to 
absorption of the 11S —n!P resonance radiation. As a result of this 
absorption, the intensity of the line corresponding to the transi- 
tions to the unexcited level decreases, while the intensity of the 
line corresponding to the transition to the 2!S level increases ac- 
cordingly. Thus there occurs "transformation" of the resonance 
radiation to 21S — n'P radiation, and the tube in which the excitation 
occurs becomes a space source, the brightness of which depends on 
the gas pressure as does the distribution in brightness along the 
radius of the tube. 

Let us see how the intensity of a 2!§ —n'P line changes with in- 
crease of pressure. At very low pressures the absorption of reson- 
ance radiation is insignificant. Consequently, excitation of the 
atoms to the n'P level occurs only by electron impact in the volume 
of the beam, and the intensity of the line will be given by 
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Eq.(1). With increase of the pressure, however, the intensity of 
the line increases more rapidly than according to the linear law. 
The character of the pressure dependence of the intensity is deter- 
mined, first, by increase of the total radiation flux and, second, 
by variation in the brightness distribution of this radiation along 
the radius of the tube. Beginning with a certain pressure, the 1'S— 
—n'P radiation will be completely absorbed in the volume of the tube. 
From this point on the line intensity again becomes proportional to 
the pressure and is described by a formula similar to £q.(1) but con- 
taining an additional factor taking into account the "transformation" 
of radiation: 

eal 

»! Aj 


Liz — CN = THy Qik hy jr} (2) 


here 4; is the probability for a spontaneous transition from level / 
to level /. Consequently, for determining the cross section for ex- 
citation of a line of the 2!S —n'P series one can measure the line 
intensity at a relatively high pressure and calculate the cross sec- 
tion by means of Eq.(2). The pressure must, on the one hand, be 
sufficiently high to insure complete absorption of the 11S — n'P reso- 
nance radiation, and, on the other hand, not be so high that the line 
intensity will be significantly affected by various secondary pro- 
cesses, such as, for example, second order impact and reabsorption. 
We determined the cross,sections for the excitations of two hel- 
ium lines, namely, A = 5016 A (21S — 3'P) and A = 3965 A (21S — 4'P). The 
measurements were carried out in the apparatus described earlier2. 
The gas was excited by an electron beam directed along the axis of 
the cylindrical glass tube. The optical part of the set-up consisted 
of the excitation tube, a condenser lens and a monochromator. An im- 
cage of the tube axis (electron beam) was focused by means of the con- 
denser lens in the plane of the entrance slit of the monochromator. 
The light intensity was measured by an FEU-17 photomultiplier coupled 
to a dc amplifier. As reference, for determining the absolute inten- 
sity values, we used a tungsten filament lamp with a known energy 
distribution. 

1/p 2 The measurements were carried 
a out at relatively high gas pres- 
sure: 0.1 mm Hg. The line excita- 
tion cross sections were calculat- 

ed by means of Eq.(2). In order 

to determine the pressure beginning 
with which formula (2) could be 
considered valid, we measured the 
variation in the intensity of the 


002 G04 0,06 0,08 a/ mmHg lines with pressure. 

Fig.l. Variation in the intensity The experimental results are 

of the 5016 A helium line with shown by curves 2 in Figs.1 & 2; 

pressure: 1) curve plotted accord- it will be apparent that begin- 
ing to Eq.(3), 2) experimental ning with a pressure of the order 
curve. of 0.1 mm Hg the experimental 


curves have a horizontal section. 
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a5 


0.02 = =Qbs Of 0/§ mm Hg 


Fig.2. Same as Fig.l but for the 3964 A line of He. 


Consequently, in this region the intensity is proportional to the 
pressure, and presumably, the conditions for which Eq.(2) was de- 
rived are fulfilled. However, it might be that the presence of the 
horizontal section in the experimental curves may be explained simp- 
ly by fortuitous compensation of the increase in line intensity ow- 
ing to "transformation" of the radiation by decrease in the intensi- 
ty owing to some secondary processes. Hence we carried out a spec- 
ial investigation to determine how the intensity of the given lines 
at a pressure of 0.1 mm Hg is affected by second order collisions, 
step excitation, and reabsorption of the radiation. It was found 
that these processes have virtually no effect on the intensity of 
the 5016 A line and that they have only a weak influence on the in- 
tensity of the 3965 A line: they reduce the intensity by about 5%. 
This was taken into account in computing the cross section for ex- 
citation of the 3965 A line. 

In order to determine whether the 1!5 — n'P radiation was completely 
absorbed at 0.1 mm Hg, we also carried out an approximate theoretical 
calculation of the variation in the intensity of the 21S —n'P series 
lines as a function of pressure .3 As a result there was obtained the 
following expression for the line intensity: 


fest 
A 


jl 


Nes A ag 


= ; ry ie dy 
es Qik hue (tem 28 i) yl erie res x ae are 1—Va (2R-HZ i} (3) 
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(y7o)” 1—Vn { 7 

4 ile —2yR += V4 
ee a 

Here R is the radius of the experimental tube, 7, is the radius of the 


electron beam, » = A1is the probability for 215 —n'P transitions, 


Ay 
Aj+A2’ 
A, is the probability for 115 —n'P transitions, _ = 2zVy, x is the absorp 
tion coefficient of the medium, 2H is the height of the monochromator 
entrance slit, d, is the distance from the source to the condenser 
lens, and d, is the distance from the condenser lens to the plane of 
the slit. Curves 1 in Figs.1 & 2 were plotted for the 5016 and 3965 

lines according to Eq.(3). It will be evident from the figures 
that although the theoretical curves lie somewhat higher than the ex- 
perimental ones, they are similar in character. Some divergence be- 
tween the theoretical and experimental curves may be attributed to 
the necessarily approximate nature of the method. 

In determining the excitation cross sections we assumed (on the 

basis of analysis of the shape of the experimental curves) that at a 
pressure of 0.1 mm Hg the conditions for which Eq.(2) is valid were 


3965 A line. We note that Lees4 
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fulfilled. 


This means that I//p (Figs.1 & 2) attained its maximum val- 
ue. 


Our theoretical curves tend to substantiate this assumption. It 
is evident from the theoretical curves that at a pressure of 0.1 mm 


Hg the value of J//p for the 5016 A line does attain its maximum (sa- 


turation) value, while for the 3965 A line, 
mum value by 9%. 
A line we 


I/p differs from the maxi- 
Hence in calculating the cross section for the 3965 

introduced the correction factor of 0.91 into Eq.(2). 

As a result of our measurements and calculations we obtained the 

following values for the excitation cross sections (corresponding to 


an electron energy of 100 ev, ,i.e., the excitation maximum): @Q,, = 


= 3.5-10-20 cm? for the 5016 A line, and Q,=1.5-10-20 cm? for the 
» Who measured the excitation cross 
sections for the same lines without taking absorption into account, 


obtained 100-:10-20 cm? for the 5016 A line, and 34-10-20 cm2 for the 
3965 A line. 
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RESONANCE CHARGE EXCHANGE OF ALKALI METAL IONS AND ATOMS 
Introduction 


Investigation of resonance charge exchange of alkali metal ions 
and atoms in slow collisions is of interest both from the practical 
standpoint and as regards the theory of interaction of atomic parti- 
cles. 

Firsov! carried out theoretical calculations of the resonance 
charge exchange cross section for elements in which the normal state 
of the atom and ion is the S state. Inasmuch as alkali metals satis 
fy this condition, measurement of the charge exchange cross section 
for alkali metals and of the variation of the cross section as a 
function of the ion velocity provides a means for verifying Firsov's 
theory. 

Recently, in connection with development of cesium diodes (de- 
vices in which heat is converted directly into electricity) and the 
use in these diodes of cesium ions for compensation of space charge, 
the question of the magnitude of the charge exchange cross section 
and its energy dependence for cesium and other alkali metals has be- 
come particularly important. 

Earlier2 we measured the resonance charge exchange cross section 
for potassium. 

The present work was concerned with measurements of the effectiw 
charge exchange cross sections for Cs, Rb, Na and K in the ion energy 
range from 150 to 2100 ev. The measurements were carried out by the 
method of extracting slow positive ions forming as a result of charge 
exchange in a chamber filled with the vapor of the investigated alka- 
li metal. The data on the vapor pressure of potassium, necessary for 
determining the resonance charge exchange cross section, were taken 
from Ditchburn & Gilmour’. Inasmuch as the data in the literature on 
the vapor pressure of Cs, Rb and Na are characterized by an appreci- 
able divergence, in determining the charge exchange cross section for 
these metals we used an indirect method utilizing the results obtaine 
for potassium (see below). 


Apparatus and Procedure 


The positive alkali metal ions were obtained from a thermionic 
source 1 (Fig.1), which consisted of a nickel plate 2 heated by the 
radiation from a tungsten spiral; the nickel plate was coated with 
an aluminosilicate mixture formulated according to Eremeev‘. 

; Mass spectrometric analysis showed that such a source yields 
primarily ions of the alkali metal, the carbonate of which was used 
in preparing the aluminosilicate mixture. The percentage of ions of 
other alkali metals in the ion beam varied, depending on the purit 
of the initial materials, from 0.3 to 7%. . ‘ 

The ions accelerated by the field of aperture 3, were focused 
by means of the system of electrodes 4 and, passing through the col- 
limator 5 with a 0.8 mm diameter opening, entered the charge exchange 
chamber 6. The charge exchange chamber (Fig.2) was made in the form 
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Fig.l. Diagram of apparatus: 1) thermionic source, 

2) nickel plate coated with aluminosilicate mixture 
containing the carbonate of the investigated alkali 
metal, 3) accelerating aperture, 4) system of focus- 
ing electrodes, 5) collimator, 6) charge exchange 
chamber, 7 & 8) electrodes drawing out the slow ions, 
9) exit aperture in the charge exchange chamber, 10) 
aperture for blocking secondary emission from the 
Faraday cup, 11) Faraday cup. 


of a massive (to enhance the ther- 
mal inertia) copper cylinder. The 
porcelain insulators a provide for 
thermal and electric insulation of 
the chamber from the rest of the 
apparatus. The chamber and the 
electrodes 7 & 8 (Figs.1 & 2) were 
heated by the radiation from two 
tungsten spirals b (Fig.2). During 
the actual intervals of measurement 
these spirals were switched off and 
the requisite temperature was main- 


Fig.2. Charge exchange chamber: tained in the chamber by means of 
a) porcelain insulators, b & c) the auxiliary heater spiral c. The 
tungsten heater spirals, d) temperature in the chamber was mea- 

glass ampoule, e) striker for sured to within +0.3° by a resis- 

crushing ampoule, f) quarts in- tance thermometer, mounted in the 
sulators supporting electrodes chamber wall. In each case the 

7 and 8. temperature maintained in the cham- 


: ber was such as to insure a vapor 
pressure of (4-7)-10-5 mm Hg of the given alkali metal. 
The electrodes 7 & 8 (Figs.1 & 2), which served to collect the 
slow ions, were mounted at the ends of molybdenum rods extending out 
to the quartz insulators f outside the chamber. One of these elec- 
“trodes, which served as the measuring electrode, was connected to an 
EMU-3 electrometer with a sensitivity of 6-10-13 amp per scale divi- 
sion. 

The chamber housing in all experiments was maintained at a po- 
tential of +18 v relative to the ground; this was necessary in order 
to block secondary emission from the chamber walls and prevent drift 

of the slow positive ions towards the chamber housing. 

Positive ions that had not undergone charge exchange and fast 
neutral ions forming in the chamber left the chamber through the 

opening 9 (Fig.1) and entered the Faraday cup 11, the current I to 


j lectrometer. 
which was measured by means of a vacuum tube e 
After a number of control tests, we switched on the promary beam, 


and applying a positive potential to electrode 8, directed the slow 
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The ion current Ig attained saturation at an 
fference equal to 4-6 v, and completely dis- 
etarding potential difference of the 


jons onto electrode 7. i 
accelerating potential di 
appeared upon application of ar 


same magnitude. oes 
The ratio Is/(I + Ig) within the limits of the measurement erro 


did not depend on the magnitude of the primary current and varied 
linearly with the alkali metal vapor pressure, which was evidence 
that the collisions were primarily single encounters. 

We evaluated the charging cross section Q by means of the formu- 


la 


where n is the number of alkali metal atoms per 1 cm3, ander iscache 
path length in the alkali metal vapor; this was assumed to be equal 
to the length of the charge exchange chamber. As noted above, for 
determining nm we used the data of Ditchburn & Gilmour’ on the tem- 
perature dependence of the vapor pressure of potassium. 

In this manner we measured the charge exchange cross section Q 
and its energy dependence for potassium. 

The reliability of cross section determinations for the other 
alkali metals by the same procedure would be doubtful. There is ap- 
preciable divergence in the data in the literature on the vapor pres- 
sure of Cs, Rb and Na at different temperatures.9° Moreover, use of 
different methods of measuring the vapor pressure and its temperature 
dependence for different alkali metals could lead to serious and un- 
determinable errors. All this could distort the true charge exchange 
cross section values for the alkali metals. Hence we carried out an 
indirect comparison of the cross sections Q for Cs, Rb, Na and K by 
measuring the vapor pressures of these metals on the basis of their 
surface ionization on oxidized tungsten. 

It is known from the data in the literature® that the coeffici- 
ent of surface ionization of Cs, Rb and K on oxidized tungsten is 
100%; there are also data® indicating that it is close to 100% for Na 

A special assembly consisting of two semicylinders with slits 
and a tungsten filament strung along their axis was mounted opposite 
a slit cut in the charge exchange chamber. After cleansing and puri- 
fication of the filament by heating, the filament was oxidized under 
appropriate conditions and the assembly was ready for measurements. 

By means of this assembly we recorded the variation of the sur- 
face ionization current i as a function of the filament heat; these 
dependences enabled us to choose for each alkali metal the "working 
point" on the filament temperature scale. 

We then determined the variation of the ratio I,/(I + Ig) with 
the surface ionization current i with changes in the chamber tempera- 
ture at a constant value of the filament heat corresponding to the 
chosen working point. These dependences, as might have been expectec 
when plotted proved to be straight lines passing through the origin 
and enabled us to determine the cross section ratios for Cs, Rb, Na 
and K at a certain energy. ; ‘ 

Thus, if one makes use of the relationship 


icen fk 
i ) onM ° 
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following from the kinetic theory of gases, one can readily obtain 


the following formula for the charge exchange cross section ratio of 
any two alkali metals: 


] (4 Is 

Osea) ae MT 

0,» 7 u 

a In (1— : ) M, Lie 
ay ame 


where the indices / and m designate the respective alkali metals, M 
is the mass of an atom of the given alkali metal, and 7 is the tem- 
perature of the charge exchange chamber corresponding to a certain 
value (calculated) of the surface ionization current i. 

Thus from the ratios obtained and the measured cross section for 
potassium we evaluated the cross sections for Cs, Rb and Na at the 
given energy. In order to obtain the energy dependences of the charge 
exchange cross sections for Cs, Rb and Na, we recorded the energy de- 
pendences of Ig/(1I + Is) for these elements at a constant surface io- 
nization current and a constant filament heat corresponding to the 
chosen working point. 

It will be evident that the reliabili- 
ty of our results depends mainly on whe- 
ther the coefficient of surface ioniza- 
— tion on oxidized tungsten is actually 

100% for all the investigated alkali me- 
tals under our experimental conditions. 
This is undoubtedly so for Cs and Rd; it 
is possible that for K also the coeffi- 
cient of surface ionization under the 
conditions of our experiment is nearly 
100%. For Na, however, the coefficient 
may differ substantially from 100%. Hence 
the data for Na may be doubtful, and the 
cross section values obtained for Na may 
comprise an appreciable systematic error. 

A certain systema!ic error may be com- 
prised in all the data for Cs, Rb and Na 
jnasmuch as the resonance charge exchange 
cross sections for these alkali metals 
were determined in terms of the cross sec- 
tion for K. In our evaluation the mean 
random error in determining the cross sec- 
tion for resonance charging of Cs, Rb, Na 
and K in the range of high energies did 
not exceed 10%, and with decrease of ener- 
5 v.10’ cm/sec gy increased to about sey 


0, 


Fig.3. Variation of the charge exchange cross section Q with the 


ion velocity for Cs (solid curves) and Rb (dashed curves) : 

1 & 4) experimental curves, 2 & 5) theoretical curves calculated 
according to the formula of Demkov’, 3 & 6) Pt A curves 
calculated according to the formula of Firsov/, 7) experimental 


curves of Kushnir® for Cst. 
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Fig.4. Variation of Q with the ion velocity for K 

(solid curves) and Na (dashed curves). Curve de- 

signation same as in Fig.3. As in Fig.3 the ver- 

tical scale is uniform (the figure O pertains only 
to the horizontal scale). 


Results and Comparison with Theory 


The experimental results are shown in the form of curves giving 
the variation of the cross section Q as a function of the ion veloci- 
ty v in Figs.3 & 4. In these figures we also give the curves calcu- 
lated according to the formulas of Firsov! (curves 3 & 6) and Demkov‘ 
(curves 2 & 5). Curves 7 in both figures were plotted on the basis 
of the experimental data of Kushnir8 for resonance charging of Cst 
(Fig.3) and K+ (Fig.4). 

It will be evident from the figures that in the investigated 
velocity range the values of the cross section Q for different alka- 
li metals differ little for any given velocity: the difference is 
only 40-50% in the range of low velocities in our measurement inter- 
val and 15-25% in the range of high velocities. 

The cross section Q for all the alkali metals monotonically de- 
creases with increasing velocity, the rate of decrease in the range 
of low velocities being somewhat more rapid than in the range of hig 
velocities in the investigated velocity range. 

The theoretical Q vs v curves in all cases lie above the corres 
ponding experimental curves. In the range of low velocities within 
our experimental velocity interval for all the alkali metals there i 
observed a more rapid increase of Q with decrease of v than is pre- 
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dicted by theory. In the range of high velocities, the slope of the 
theoretical Q vs V curves generally agrees with the slope of the ex- 
perimental curves, but the theoretical values of Q are 1.5-1.2 times 


higher than the experimental values. 


. The experimental data of Kushnir® for Cs and K ions in the velo- 
city range common to our experiments and those of Kushnir yield cross 
section values 50-60% higher than ours. 

In view of the lack of reliable data on the temperature depen- 
dence of the vapor pressure of Cs, Rb, Na and K and the difficulty 
of measuring the vapor pressure of these metals in the range from 
10-5 to 10-4 mm Hg, the agreement between theory and experiment may 
be regarded as acceptable, except for the velocity region where ex- 
periment yields a more rapid increase of Q with decrease of ion ve- 
locity than is indicated by theory. 

We desire to express our deep gratitude to V.M.Dukel'skii for 
his interest in the work and valuable advice. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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RESONANCE CHARGE EXCHANGE OF POSITIVE ALKALI METAL IONS 
_~ D.V.Chkuaseli, U.D.Nikoleishvili & A.1.Guldamashvili 7 


the interaction of fast ions with gas atoms is 
of great interest not only as regards the theory of interaction of. | 
charged particles with the atoms Ofvan gas, Dut alsO..OF understandin 
the properties of plasma and processes occurring in particle *acceles 
rators, electromagnetic separators, mass spectrometers and similar 
equipment. 

df all the possible forms of interaction, the most probable pro- 
cess of resonance charge exchange is of particular interest.~» 

We developed a new procedure, different from the technique used 
earlier3-°, for the purpose of measuring the resonance charge exchan 
cross section for positive singly charged ions of alkali metals. Th 
difference between our procedure and the earlier techniques is that w 
used a molecular beam of the investigated substance as a target in- 
stead of the usual collision chamber with the investigated gas. This 
procedure allows of making rather accurate absolute determinations. 


Investigation of 


Apparatus 


The experiments on charge exchange of positive singly charged K,, 
Cs and Rb atoms were carried out in a small electromagnetic separa— 
tor.6 The chamber with the ion source and the receiving-measuring 
device is diagramed in Fig.l. 

For obtaining the positive alkal 
metal ions we used an ion source ut 
lizing surface ionization. The ion 
source is located outside the magne 
tic field. The beam is shaped and 
defined by means of an ion optical 
system and an entrance aperture, ar 
under the influence of the magnetic 
field is focused at an angie of 180@ 
The mean beam trajectory radius is 
555 mm. 

The monoenergetic icn beam of th 
most abundant isotope of the select 
ed alkali metal passes through the 
adjustable diaphragm with a 4 x 20 
mm Slit and enters the receiving- 
measuring device, which is located 
in the magnetic field of the separa 
tor. This movable diaphragm, the 
position of which can be adjusted 


Fig.l. Chamber with ion source and receiving-measuring device: 
1) ion source, 2) entrance aperture, 3) molecular source, ; 
4) receiving-measur ing device, 5) ion beam, 6) cooled plate (for 
freezing out the alkali metal vapor), 7) adjustable diaphragm. 
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from outside the vacuum chamber, 
also serves as the "sighting" tar- 
get for adjusting the instrument. 
Behind the diaphragm there are five 
pairs of plane parallel plates elec- 
trically insulated from each other. 
The second pair of plates is used 

as the measuring pair, the other 

are Shielding plates. 

Opposite the second pair of 
plates, there is a twin beam mole- 
cular source with a monitor (Fig.2). 

The principal channel of rectan- 
gular shape (0.42 x 30 x 12 mm) with 
a system of defining plates, baffles 
and aperture serves for obtaining 
the main molecular beam, i.e., the 
Fig.2. Molecular source: 1) fur- target bombarded by the ion beam. 


nace, 2) main channel, 3) hot The second channel, oriented at 
aperture, 4) shutter, 5) cylin- an angle of 90° relative to the main 
der trap, 6) main beam, 7) auxi- channel, and a system of adjustable 
liary channel, 8-11) system of apertures, the positions of which 
defining apertures and baffles, are check by a cathetometer, is in- 


12) anode, 13) ionizer, 14) auxi- tended for the auxiliary molecular 
liary beam, 15) heat shield, 16) beam. 
cooled housing. The intensity of the auxiliary 
molecular beam is measured by a 
monitor by the method of surface ionization. The intensity of the 
main molecular target beam is measured by the method of weighing. 
This is accomplished by a special sorption scale mounted on a separ- 
‘ate support in the vacuum. The sorption scale consists of a helix of 
fine quartz filament from which a trap is suspended. The main molecu- 
lar beam condenses in this trap, which is a cylindrical cup made of 
copper foil. The deflection of the scale under the weight of the con- 
densed molecular beam material is measured by a KM-1 type cathetometer. 
The mean sensitivity of the scale is 3-10-7 g. Back-scattering of the 


atoms from the trap was taken into account in evaluating the beam in- 
tensity. 
410 Sem—= /sec The intensities of the main and auxi- 
liary molecular beams were measured si- 


ee multaneously. As a result there were 


10 obtained calibration curves plotted in 
3 8 terms of the intensity N of the main 
molecular target beam against the moni- 
am tor current l. 
Ec During the actual measurements of 


the charge exchange cross section the 
values of the intensity of the main 
7G molecular target beam were determined 
1,10°7A from the monitor current by means of 
Fig.3. Variation of the inten- the calibration curves, inasmuch as 
sity N of the molecular beam the set-up precludes direct weighing 
with the monitor current lI. during the charge exchange experiments. 


2 


5 1S 25 G5 
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Fig.3 shows a typical calibration curve for cesium. Similar curves 
were obtained for potassium and rubidium. The reproducibility from 
experiment to experiment remained within +10% for potassium and +6% 
for rubidium and cesium. 

As noted, the calibrated molecular beam is used as the target. 
The molecular and ion beams intersect at a right angle in the space 
between the second pair of plates so that the horizontal planes of 
symmetry of the beams and the system of plates coincide. 

The primary ion beam current was measured by a 160 mm deep Fara- 
day cup. Appropriate measures were taken to prevent emergence of se- 
condary electrons and negative ions from the Faraday cup. There wer 
installed shielding plates between which there was applied a trans-— 
verse electric field symmetrical relative to the earth and the ion 
beam. Thus the Faraday cup circuit allowed of measuring the true 
ion beam. 


Measurements of the Charge Exchange Cross Section 


For the purpose of determining the true geometry of the receiv- 
ing-measuring device we photographed the trajectories of the molecu- 
lar, ion and fast atom beams for the case of resonance charge ex- 
change of magnesium (Fig.4). 


As will be evident from Fig.4, 
the divergence between the ion 
beam and the trajectory of the 
fast ions resulting from charge 
exchange in the deflection range 
(60 mm) is sufficient for separ- 
ate detection of these particles. 
Hence our procedure allows of de- 
termining the charge exchange 
cross section both by detecting 
the fast neutral atoms and by the 
potential method. It should be 
noted, that in addition to the 
charge exchange cross section, 
this procedure aliows of measur- 
ing the stripping cross section. 

In the present experiment, how- 


Fig.4. Beam trajectories: 1) ion ever, the charge exchange cross 
beam, 2) molecular beam, 3) fast section for alkali metal ions was 
atoms resulting from charge ex- measured by the potential proce- 
change interaction, 4) molecular dure .2-9 | 
source. In measuring the charge ex- 


change cross section it was as- 
sumed that in the ion energy range from 5 to 30 kev the stripping 
cross section is much smaller than the charge exchange cross section 
hence no Special measures for meaSuring the stripping cross section 
were taken. 

The geometry of the receiving-measuring device precludes detec- 
tion of ions scattered at angles smaller than +459. However, as is 
known from the angular distribution of scattered ions! ,2, the scat- 
tering at such small angles is virtually zero. 
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| Selah RET Joos tek EE 
Fig.s Fig.6 %/0’cm/sec 
Fig.5. Current-voltage characteristic for the measuring 
plates. 
Fig.6. Variation of the resonance charge exchange cross 
section with the primary ion velocity: 1, 2 & 3 - experi- 
mental curves for cesium, rubidium and potassium, respec- 
tively; 1', 2' & 3' - corresponding theoretical curves 
calculated according to the formula of Firsov/. 


Thus the production of slow ions and electrons as a result of 
interaction of fast singly charged ions with gas atoms is due pri- 
marily to ionization and charge exchange processes. 

The number of slow ions and electrons formed as a result of 
ionization of the gas ions is the same, and hence their currents 
compensate and cancel each other. Consequently, the charge exchange 
cross section is given by the formula 

[tv 
Sce= FFNT? 
where j* is the difference between the absolute values of the posi- 
tive and negative saturation currents as taken off the current-vol- 
tage characteristic (see Fig.5), J*is the primary ion current, N is 
‘the intensity of the molecular beam, v is its mean linear velocity, 
and 1] is the path length of the ion beam in the molecular beam. 

The results of measurement of the cross section for resonance 
charge exchange of positive singly charged cesium, rubidium and po- 
tassium ions in the primary ion energy range from 5 to 30 kev are 
given in Fig.6. In the same figure we give the theoretical curves 
calculated by means of the formula of Firsov’. In order not to en- 
cumber the figure we do not show the curves calculated by means of 
Demkov's formula®. As will be evident from Fig.6, the charge ex- 
change cross section monotonically decreases with increase of the 
primary ion velocity. The cross section also decreases in going to 
atoms with a higher ionization potential. 

On the average, the experimental resonance charge exchange cross 
section values are one and a half times higher than the corresponding 
theoretical values. re 

The reproducibility of the experimental results lies within +15% 
for potassium and +10% for rubidium and cesium. Accordingly, these 
‘are the values of the mean measurement error. This error 1S due pri- 
marily to the uncertainty in determining the intensity of the molecu- 


lar beam. 
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DISSOCIATION OF LARGE MOLECULES UNDER ELECTRON IMPACT 
- M.V.Gur'ev, M.V.Tikhomirov & N.N.Tunitskii 


This contribution is concerned with the interaction of electrons 
with large molecules in the general case. Commonly, the effect of 
electron impact on organic molecules is investigated by means of a 
mass spectrometer. As a result of ionization and dissociation under 
electron impact there is formed a large number of diverse ions; these 
ionic fragments comprise the so-called mass spectrum of the electron 
bombarded substance. 

The design of conventional mass spectrometers is such that a time 
of the order of 10-© sec elapses between the formation of the ions and 
the final shaping of the beam. Only a small fraction of the ions (up 
to 0.5%) can form during a time of this order of magnitude. The ini- 
tial ions in such dissociations are usually called metastable. 

There have been numerous investigations of the mass spectra of 
organic substances under electron bombardment.+ From an analysis of 
the results it may be inferred that the most probable fragments con- 
tain 3-4 hydrogen ions regardless of the structure of the molecule 
(in the absence of double bonds) and of its composition (provided the 
number of substituent atoms replacing the hydrogens and carbons in 
the hydrocarbon skeleton is not too great). 

In the case of the relatively simple normal (unbranched) paraf- 
fins we find that their mass spectra are very Similar, while above Cig 
they are virtually identical? except for molecular ions, the fraction 
of which is small and decreases exponentially with increase in the 

size of the molecule’. By way of illustration the mass spectrum of 
-m-tetracosane (C24H59) is reproduced in the accompanying figure. 

: It is usually assumed that as a result of electron impact there 
forms a molecular ion and that the excitation energy received by it 
“is distributed over all its degrees of freedom until there is concen- 
trated at some particular bond a sufficient energy to rupture it, i.e., 
to produce dissociation. Thus it is assumed that the molecular zon as 
a whole is involved in the dissociation process. Rosenstock et al 
made an attempt to calculate the probabilities for different dissocia- 
tion processes on the basis of this assumption by means of the theory 
of absolute reaction rates. AS was recently shown by Friedman et ald, 
the mass spectra at low electron energies (1-2 ev above the ionization 
potential of the molecule) cannot be even qualitatively explained on 
this basis. Our tentative calculations® showed that at the usual elec- 
tron energies (~70 ev), large molecules (C44) theoretically should not 
dissociate under electron impact, although experiment shows that they 
are tee discrepancies are obviated if we hypothesize eRoe wae 
energy brought in by the electron does not have time to be distribut- 
ed over the entire molecule prior to its dissociation. This means 
that in the processes accompanying molecular GAS eC ania Mey ae oe 

: ited only a limited number of vibrational degrees of reedom an 
Bihar the dissociation occurs in the immediate region of excitation, 
"i.e., that dissociation of large molecules is a localized effect. 
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aa pe erecpe eS nyP Orne. is susceptible of experimental verifica- 
hit" an art of th 5 1 eagles AR Eels ge) eg Sars ee 
yy the ys aio is eT But a and the excitation energy brought in 
Bc ircscect th ributed only within a limited region, one may 
expec is part of the molecule to “drop out" in the form 
of an ionic fragment. this means that fragment ions must form with 
approximately equal probability from any part of the molecule. Our 
geperiments with a number of substances, for example, with unbranched 
C9H20 molecules tagged in the center with C13 showed that the princi- 
pal fragments are CoHS, C3HY and C4Hd ions and that the C13 content 
in these ions is very close to that calculated for equally probable 
formation of these ions from any ae of the molecule.? For example, 
46% of the C3H+ ions contain a c13 atom. 

In the process of formation from the central parts of the mole- 
cule these atoms apparently capture a hydrogen atom from the other 
parts of the molecule. As analysis of the data8 on the appearance 
potential for CnH2k+1 ions shows, transition of a hydrogen atom from 
one ionic fragment to another leads to appreciable compensation of 
the excitation energy necessary for rupture of a second C—C bond. 

It is interesting to note that this mechanism of formation of 
the principal ionic fragments apparently operates in the entire in- 
vestigated energy interval from 1000 ev to an energy 1-2 ev above 
the appearance potential for the corresponding ion.* 

In cases when there occurs rupture not only of a C—C but also 
of a C—H bond the fragment ions must also, according to our hypothe- 
sis, form from "ynieces" of the molecule. As was found earlier, for 
methane and ethane the isotope effect of detachment of hydrogen and 
deuterium atoms depends on the size of the ions from which they are 
"detached".2 Similar results obtained by us for fragment ions of 
‘deutero-octanel9 show that the isotope effect is such as though the 
fragments comprising a detached hydrogen atom form not from the en- 
tire octane molecule with 18 hydrogen atoms (CgH)g) but from pieces 
“of the molecule: C2H5, C3H7, C4Hg, and so on, i.e., from parts of 
the molecule corresponding in composition to the ionic fragments 
forming owing to rupture of certain C-——C bonds. 

It follows from our hypothesis also that the mass spectra should 
not depend on the size of the molecule above a certain minimal size 
(the size above which the influence of the chain ends become minor). 
This is in agreement with results of experiments at electron energies 
of 50-70 ev. We obtained the ionization curves for C3H? forming from 
CgH jg and C)9H40- We found that these curves are very close right up 
to the appearance potential. 

Thus, the mass spectra of such molecules are similar not only at 
an electron energy of 50-70 ev put at all electron energies. It fol- 
lows therefore that the interaction of an electron with a molecule 
does not depend on the size of the molecule, which substantiates our 
hypothesis regarding the localized character of this interaction. 


*The mass spectra at high electron energies were investigated 
by Yu. M. Miller. 
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It may apparently be assumed that dissociation of molecules un- 
der electron impact occurs within a time of the order of 10-13 sec, 
inasmuch as if the dissociation time were appreciably longer the ene 
gy would have time to be partitioned over the entire molecule. 

In the case of the presence of double bonds in the molecule, how 
ever, it may be assumed that the excitation energy will be readily 
transferred through the system of conjugated bonds (as occurs, for 
example, in chemical reactions). In the case of a benzene molecule; 
which consists of a closed system of conjugated bonds, the excitatio 
energy should readily be distributed over the entire molecule, which 
should reduce the probability for dissociation. Hence in the mass 
spectrum of benzene the fraction of molecular ions should be large 
compared with fragment ions, and this is in fact borne out by experi-— 
ment.2 Analogous arguments can be applied to other molecules and 
generally yield qualitative agreement with experiment. 


"L.Ya.Karpov'' Physical-Chemical Institute 
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MODERN METHODS FOR CALCULATING ATOMIC COLLISION CROSS SECTIONS 


- G. F. Drukarev 


aly Encounters between atoms may be divided into fast and 
slow collisions depending on whether the velocity v of the nu- 
clei is high or low compared to 


In the case of slow collisions (v<vw) the system of nuclei 
and electrons may be treated as a quasimolecule. Mathematical- 
ly this is expressed by the method of perturbed stationary states, 
in which the system wave function is expressed in terms of the 
molecular wave functions of the electrons. 

In the case of fast collisions (v=>vo) one may use the wave 
functions of isolated atoms for purposes of mathematical descrip- 
tion. 

In most problems of practical interest the de Broglie wave- 
length is much smaller than atomic dimensions. Hence the motion 
of the nuclei can be handled by a semiclassical approximation. 
One may naturally expect that in such an approximation the same 
cross sections will be obtained as with a parametric method, in 
which the nuclei are assumed to travel on fixed trajectories, and 
the electron wave function satisfies the Schroedinger equation* 


(He—i5)\¥=0. (1) 


) Using simplest examples, Bates and McCarroll! have shown 
‘that the method of perturbed stationary states with semiclassi- 
eal nuclear wave functions is indeed equivalent to the paramet- 
“ric method. 

2. The simplest case is represented by those processes in 
which a single electron changes its state. Then the electron 
undergoing the transition is described by means of two-center 
wave functions. 

Let A and B be two force centers (atoms or ions) with mass- 
es M, and Mz, and let the electron move in the field of these 
two centers. Denote the coordinates of the electron with res- 
pect to A,B and the center of mass by fl, and r, respectively, 
- the separation between the nuclei by R, so that 


M, M, 
rs sb ee =r— —{,—_ RR. 2 


For stationary nuclei the state of the electron will be des- 
cribed by a function y (r, R), Which satisfies the equation 


Hen (2, R) = tn (R) Xn (8, BR), (3) 


*Here and below we use atomic units: hom, =e=1. 


- 982 - 


where 
H, = —+ A, +U a(t) + Up (1)- (4) 


One must distinguish two different types of x functions. The 
first of these is y,, which, as h—-c« and for r, =const, approaches 
a function %, (r,) describing the system A-+e. The second iS Ye 
which, as R-—cc and for m-=const, approaches »p, (r,) describing the 
system B +c, We assume here that both systems 4+eand B+ @ are 
stationary in the limit as R—c. 

In order to deal with collisions it is helpful to introduce 
functions which, in this limit, describe moving systems A +e and 
B+e. Such functions were introduced and used for constructing 
their theory both by Bates and McCarrol! and by Bates. 

We shall treat the problem by the parametric method, writing 
R = R (i). 

Assume that in the laboratory coordinate system 4 is station- 
ary, and B moves with velocity v. 

In the center-of-mass system the velocities of A and B will 
be, respectively, 


v=— oo vy dand «ve = MA Vv 
M,+M, M,+M, 
We introduce the functions 
Pan = Xan (r, R) exp [— i (v4/2 + &, (cc)) t + ivarl (5) 
and 
Pam = Xpm (r, R) exp [— i (vghA+ em (oc)) t + ivarl (6) 


(the functions of Bates and McCarroll differ from (5) and (6) by 


t 


the factor exp {i |) [n,m (R) — en, m(0)1 deh). 
As R-»o, (5) and (6) become 


Pan = Pan (tT) exp [— i (v4/2 + ep (oc)) t + ivarl (7) 
and 
Bm = pom (2) exp [— i (v}/2 + em (oc) t + iven)]. (8) 
The functions of (7) and (8) describe, respectively, the sys- 


tem A +-e moving with velocity v and the system : . 
velocity vs. si y B-+-e moving with 


3. The operator fs oh ae he actin on the wave f y 
(5) and (6) gives al & unctions of 


Laan= {— tv [VrXan (11, R)I,, + [en (R) — &n (20)] Xan (1, R)} x 


x exp {— i [en (00) + 04/2] t + ivar} (9) 
and 
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Ean tin iv [VaXpm(re, R)I,, + [em (hi tm (oc)] XBm (rz, R)} x 
x exp {— i [&m (90) + 08/2 It + ivar}. (10) 


It is seen from this that gan and gpm Satisfy the Schroedin- 
ger equation in the limit as R--x. , 
At high velocities we may make the approximation of replac- 
ing X%4,5 by the atomic wave functions jp, (rn) and wg(m), respective- 
ly, which means that we use (7) and (8) in place of (5) and (6). 
Then Eqs.(9) and (10) become 


L@a = Uz, (r2) Pa (11) 
and 


Lop =U 4 (") Gp. (12) 


4. We shall write the electron wave function YW (r,t) satisfy- 
ing the equation 


LY = 0, (13) 


in the form 
- =>) GAs () MAs ee t) -- Gps (t) ps (t, t). (14) 


When making approximate calculations in practice, one uses 
a finite number of the terms of (14). 
When such a finite number of terms is used, (14) does not 
satisfy the Schroedinger equation (13), but, like the exact wave 
function, can satisfy the equation 


\ Pb. ae War = 0. (15) 


_Then Eq.(15) can be obtained from a variational principle simi- 
“larly as is done for electron scattering by atoms. 

Inserting (14) into (15) we obtain a set of equations for 
the aazs, and to this we must add the initial conditions corres- 
ponding to the given specific problem. 

The expression 


W = |an (oo)? (16) 


gives the transition probability to the state n, and refers to a 
particular value of the impact parameter Pp, so that W = W(p). 
The total cross section is obtained by integrating over all 


impact parameters: 


Q = 2x |W (0) pap. (17) 
0 
Usually the trajectory is assumed to be rectilinear (which 
is reasonable for scattering angles as small as eae that are 
encountered in ractice). Then one may write p = Amin. 
Choosing ae Z% axis along the direction of motion, and set- 


ting: =0 at R =Rnpin, we have 
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R=(e2? + 72 a (18) 
pie (19) 


Below we give the equations deduced for some specific pro- 
cesses when a finite number of terms is used in (14), and discuss 
the approximate solution of these equations. 

5. Consider excitation of the B atom in collision with the 


atom: 


(Ateo+B>(A+e)n +B. 


We keep only 9,4, and g,4,in (14). Inserting the resulting ex- 
pression into (15) and dropping the index 4, we obtain 


(20) 


j 28 — (0 |L| 0) ao + <0 |L| n> am 


and 


7) 
i SP = <n |Lj ny an + (n|L| 0) ao, (21) 


with the initial conditions a, (— «) =0, and ao (— oo) = 1. 

Bates* has gone through an approximate solution of Eqs .(20) 
and (21) for a, small compared with a and the off-diagonal mat- 
rix elements small compared with the diagonal ones. 

In this case (20) can be written 


j 220 — (0|L|0> ao, (22) 


and the solution with the initial condition a,(—~)=1is 
t 


ao (t) = exp |—i \ <0 |Lj O> dt'|. (23) 
Inserting (23) into (21), we obtain 


t 
HORS AG == exp| — l \ <n|L| n) dt’ | x 
‘ te” me 
x { | dt’ <n|L| 0) exp[—i \ (<0 |L| 0) — <n|L| nd) at’) (24) 
The desired quantity |a,(c)| is, according to (24), 
co ty 


| x (20) | = | \ <n |Z | 0 exp| i\ (<n |L| ny — <0|L| 0) ae" av. (25) 


ieee XD) 


Using Eqs.(7), (8), (11) and (12), the matrix elements for 
fast collisions may be written 
<0|L| 0> = Uoo; (ny | Ee) a Tes 
<n |L| 0> = Uno exp [i (en — e0) ¢], (26) 
where . 
Uap = \ Wise (11) Un (ta) tpap (11) dey. 
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6. Let us now consider charge exchange 
(A+ejo +B—>A-+ (B+ en. 


For this case we retain the functions j 
and g,;, in (14). 
Then the equations for a, and ag, become val ies 


{4 — | <Bn | AO> P}i oo = {<Bn|L| AO) — <Bn| AO) <A0 |L} AD}aa9 + 
+ {Bn |L | Bn) — <Bn | AO) <AO| L | Bnd} apn: (27) 
_ 0a 
{1 —|<Bn| AO) |} i" = {<AO|L| ADy — ¢A0|Bny (Bn \L| AOD} aao+ 
+ {<A0|L| Bn> — <A0| Bnd <Bn| Lj} Bnd} apn 
and the initial conditions are 


(28) 


ABn (— So) =Q0 and da (— 20) a= in 


We note that Eqs.(27) and (28) are invariant under the trans- 
formation 


di Ete Fat), 


a — aexp E F (t) dt]. (29) 


Charge exchange in slow collisions has been treated by Bates 
‘and McCarroll, and in fast collisions by Bates“. In both cases 
approximate solutions were obtained for (27) and (28). The ap- 
proximation reduces essentially to considering a;, small compared 
with a4, and the off-diagonal elements small compared to the dia- 
gonal ones. Further, the integral <Bn|A0> is also considered 
small. 
p Then in Eq.(27) one should drop terms containing |<Bn|A0>/? 
‘and agn<Bn|A0><A0|L|Bn>, Since they are of higher order than the 
others, and for the same reason one should drop terms containing 
(<Bn| AO>)?, {<A0|L|Bn> (AO | Bny (Bn | L | Bry} apn and <A0|Bny <Bn|L | A0> dao, 
in (28). This leads to the simplified set of equations 


j Mao — (AO |L | A> aa (30) 

j 8 — (<Bn | L |A0y —Bn| AO) <A0|L| AO} ao + Bn | L| Bry apn. Sy) 
From (30) we obtain : 

a) = eX [- i \ ¢<A0 | L | AO) dt’ |. (32) 


Inserting (30) into C3'L)e, integrating, and setting t=, we 
arrive at 


foe) t 


apn (20) | =| \ exp |i \ dt’ (Bn |L| Bny — <A0 | L | A0>) [<Bn| L| 40> — 


_ (Bn|A0y A0|L | A>] at |. (33) 
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Below we give expressions for the matrix elements appearing 


a Spe slow collisions, Eqs-.(2), (5), (6), (9) and (10) lead to 
¢A0|L | AO> = e0 (R) — 280 (90); (34) 
(Bn |L | Bn> = & (R) — &n (00); (35) 
(Bn |L| AO) — <Bn | AO <A0|L | A0y = — iv | 45m (r., R) [Vexao (M1, RB) le, exp (— ivr) dr, x 
x exp [i (g0 (00) — En (90) +. v?/ 2) #]. (36) 


For fast collisions, (7), (8), (11) and (12) lead to 
<A0|L| AOD = | Pho (r,) Up (82) Pao (41) 2h; (37) 
<Bn | L| Bry =\ Win (t2) Ua (11) Pon (0s) A (38) 
(Bn | L | A0y — (Bn | AO <A0 | L | A0y = {\ spin (ta) U' (2) thao (1) exp (— vey) dry — 
= | Pao (11) Up (2) Pao (11) dr, | \ pBn (2) pao (11) exp (— ivr) dr, |} x 
x exp [i (€0 (oc) — &n (90) + v?/2) Zt]. (39) 


7. Requiring special consideration is the phenomenon of re- 
sonant charge exchange (when 4A and B are identical and the tran- 
sition takes place without change in energy). 

For this case we use the two-center functions symmetrized 
or antisymmetrized with respect to interchange of the nuclei. We 
denote these functions by y+ and y,, and the energies correspond- 
ing to them by «=, and ¢. From y, and xy_ we can construct new 


functions y, and x, according to 


tie Wet te) (40) 
hn ee ve aA yaa (41) 


In analogy with (5) and (6), we introduce the functions 


P4 = Xq exp [— i Le (00) + v8/] ¢ + iv,rl (42) 
and 

Pp = Xp exp [— i (e (oo) + ve/alé + vv,r] (43) 
where now vg = — v4 = v/ 2), and ¢«(o%) is the common limit of both 


e, (R) and e- (R) as R- ov. 
Writing VY in the form 


y = AaPa + app, (44) 


we obtain a set of equations of the form of (27) and (28) for a, 

and az. It is, however, more convenient to consider the functions 
pe = 27 y+ Op): (45) 
gp. = 27" (9, — Pp) (46) 

and to write Yin the form 


E 


: N 


- 987 - 


; ae a+Q, + aD; (47) 
where 

Gime De Pda ths) (48) 

a= Qh (a, — ap). — (49) 


This representation is convenient in that the symmetry pro- 
perties lead to the relation 


ca Abe lak sb) 0 (50) 
(the symbols + and - tell whether 9g, or g_ enters into the matrix 


elements). As a result,the equations for a, and a_ separate into 
the two independent equations 


Oa, vere a 
Ct14+> ift=<+|L] +a, (51) 
and 
7OG= 
<-1- iS =(-|L|> a4, (52) 


which are immediately integrable. 
It follows from (48) and (49) that the initial conditions 
for a, and a_ are 


+ 


a, (90) = a_ (— 50) Di (53) 
Using this fact, the solution of (51) and (52) becomes 


a,(t) = 2-%| exp (— i \ Sel a’) Be 1] 


a () = oe exp(—i \ St wn’) i]. (54) 


2 


Again, as is seen from (48) and (49), the charge-exchange 
probability is 


W = +| a, (oc) — a. (c0) (55) 
Inserting (54), we obtain 
W =sin?["s \ rd) at}, (56) 
Sea yb ILI (57) 
~ . €+:4--> <—1— ° 


the ma- 
Using Eqs.(42), (43), (45) and (46), one can express 
trix hate in (57) in terms of integrals containing y, and y_. 
Simple, but relatively torturous operations lead to the result 


ia a recov 58 
2 = [e, (R) —2_(A)I|1 oa 7". | (ee 2? ( ) 


where 


, 
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te = %+ |? sin? (4/2 vr) dr, (59) 
Oo = >? — | x_ |?) cos vradr (60) 
O== a C4 + x_)* [Vr (x, — x], — (%. — x_)* [Ve (x, + x_)Jt,} sin (vr) dr. (61) 
For low velocities, p.~v®, while 6 ~v. 
Neglecting terms of order v? in (58), we obtain 
he e, (R) — &_(R). (62) 


For high velocities o and 6 become small as a result of 
strongly oscillating factors in the integrands, and sez. 
Then, as is seen from (58), 


Ase | o (R)S ie. (2) fe 
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FURTHER INVESTIGATION OF RESONANCE CHARGE EXCHANGE 
OF POSITIVE CESIUM IONS 


- R.M.Kushnir & I.M.Buchma 


The present work was a continuation of our earlier investiga- 
tions! of resonance charge exchange of cesium ions; the experiments 
were extended into the range of higher ion energies to encompass 
the range from 100 to 2000 ev. The measurements were carried out 
by the method of drawing the slow ions forming as a result of charge 
exchange to an auxiliary electrode in the form of a cylinder. 


Fig.l. Diagram of apparatus: K - cathode, An - 
anode, Aj, A2 & A3 - circular apertures (3 mm 
" diameter), Ex - charge exchange chamber, Cj - 
measuring cylinder, C2 - shielding cylinder, 

F - Faraday cup, P, & P2 - plate electrodes in 
Faraday cup, G - grid, 0] & 02 - guard rings, 

B - branch tube containing cesium. 


The experimental apparatus is diagramed in Fig.l. The envelope 
was made of special glass characterized by high resistance to alkali 
metal vapor. The ion source was a low voltage arc (4-4.5 v, 30 ma) 
ane the in the cesium vapor between the heated tungsten cathode K 


‘and the anode An. The ion beam was extracted from the plasma through 
maintained at zero potential. The ions were accele- 
rated to the requisite velocity between apertures Aj and Ay and en- 
tered the charge exchange chamber Ex. The slow ions forming as a re- 
sult of charge exchange in the chamber were drawn to the measuring 
cylinder Cj); the remaining unaffected ions in the beam entered the 
Faraday cup F. This was separated from the chamber by the grid G. 

A weak (10 v) transverse electric field was applied between the 
plate electrode Pj and Pg in the cup; this served to prevent exit 
from the cup of secondary electrons and slow ions. ‘The ion current 


was measured by means of an M-21 galvanometer. 


the aperture Aj, 
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The guard rings 0] and O2 served to shield the measuring elec- 
trode from the conduction current on the inside surface of the glass 
The procedure as regards outgassing ort the vacuum system, controlling 
the cesium vapor pressure in the measuring device and measurement of 
the temperature of the branch tube with the metal in the liquid phase 
was the same as described earlier in Refs.l1 & 2. The cesium vapor 
pressure was determined by means of the equations: 

jogeri—9.56 =< | 
where p is the pressure of the saturated cesium vapor in microns Hg 
and T is the temperature of the liquid metal. 

The charge exchange cross section was determined on the basis 
of the exponential equation for attentuation of the beam. This equa- 
tion is predicated on linear variation of log Io/1 with po. In our 
case 


lo = lpr? tice ee 
and 
I = Ip + Te; 


where If is the current measured by the Faraday cup, i.e., the flux 
of ions passing through the charge exchange chamber without losing 
their charge, Ic is the current of slow ions forming in the charge 
exchange chamber, Ie is the correction for the secondary electron 
current, and p, is the pressure of the saturated cesium vapor re- 
duced to 0°. 

Tei0-= een For determining Ic a small potential, 

negative relative to Ag, was applied to the 

measuring cylinder Cj and the variation of 
the ion current Ic as a function of the po- 
tential Vc was recorded. The potential on 
the Faraday cup was maintained equal to the 
potential on aperture A3. By way of illus- 
tration the curve obtained for 900 ev ions 
is shown in Fig.2. Ic was taken to be the 
saturation current with Vc < Va.- 

With the potential Vc on the measuring 
cylinder positive relative to the potenti- 
al VA on aperture Ag3 there flowed to the 
# cylinder a small electron current, presum- 
Fig.2. Volt-ampere char- ably due to secondary emission from A3. 


rene tbr the unk Thus Ie was taken to be the saturation cur: 

rent to the measuring rent to the measuring cylinder with Vc>) 

cylinder: E = 900 ev; >Va,- At ion energies of 100 and 200 ev 
re = 2.6-10-4 mm He. this current was negligibly small. 


The ion current Ip to the Faraday cup 
was measured Simultaneously with the saturation current Ic. 


The experimental data were then used to plot log l1o/I vs po- In 
all cases the plots were straight lines. From the slope of these 
lines, which in our case were described by 


we evaluated the resonance charge exchange cross section 


bt the given energy. 


Io 5Q 


log at le eee e WL 


iL 2.3 


Q for ions 


In order to investigate the ion velocity dependence of the 
charge exchange cross section we carried out experiments at the fol- 
lowing ion energies: 100, 200, 400, 70U, 900, 1200, 1600 and 2000 ev. 
For each of these energies we carried out a large number of measure- 
ments at different pressures of the saturated cesium vapor in the 
temperature range from 90 to 115°. Below we give the average charge 
exchange cross section values: 


E, ev 100 200 


2 
cm 
Q 


*cm3 mm Hg 


1100 910 


400 700 900 1200 1600 2000 


835 VAcTe) 775 725 695 690 


As in our earlier investigationl the accuracy of our measure- 
ments is determined primarily by the accuracy in determining the 
pressure of the saturated cesium vapor. Otherwise the total error 
in Q owing to inaccuracy in measuring If, Ic and Ie does not ex- 
ceed 10%. 


Fig.3. Variation of the 
charge exchange cross 
section with the ion ve- 
locity in cesium vapor: 

1 - our data (dashed sec- 
tion - data of Ref.1); 
2& 3 - theoretical curve 
based on the formulas of 
Firsov? and Demkov®, res- 
pectively; the dash-dot 
line is calculated by the 
limit formula of Sena®. 


velocities as compared wit 
The theoretical curve base 


Fig.3 shows the variation of the charge 
exchange cross section Q with ion velocity 
(curve 1). It will be seen from the fi- 
gure that the curve based on the present 
data merges smoothly into the curve ob- 
tained earlier by one of us! (dashed 
curve) for the resonance charge exchange 
cross section in the range of low ion 
energies. 

For purposes of comparison with theory, 
in Fig.3 we also give the theoretical 
curves for the ion velocity dependence of 
the charge exchange cross section calcu- 
lated according to the formulas of Firso 
and Demkov®. The dash-dot line gives the 
value of Q calculated for cesium by means 
of the approximate limit formula of Sena. 
It will be evident from Fig.3 that our ex- 
perimental charge exchange cross sections 
are somewhat higher than the values calcu- 
lated by means of the Firsov and Demkov 
formulas and are appreciably lower than 
indicated by the limit formula of Sena. 
The experimental curve is characterized 
by a steeper rise in the range of low 


h the Firsov and Demkov theoretical curves. 
don Firsov's formula is closer as regards 


both shape and position to the experimental curve; in fact, the di- 
vergence between the Firsov curve and the experimental curve lies 
within the limit of the errors of experiment and theory. 

We desire to express our deep gratitude to L.A.Sena for valuable 


advice. 


"I Franko" L*'vov State University 
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INDIRECT EVALUATION OF ELECTRON ATTACHMENT CROSS SECTIONS 
- M. V. Konyukov 


1. In the positive column of a glow discharge the energy re- 
ceived by the electrons from the longitudinal field is balanced 
by losses occurring at the walls and in interactions between the 
electrons and the other components of the plasma. 

The electron energy balance equation includes losses of all 
kinds, but if one separates out the fraction ;,;of energy lost in 
collisions, the balance equation reduces to a set of equations of 
the form 


7 52 
Mer e 


yeU Bz =\ = Qi (v) vef (Tes re) de (1) 


0 

where U, is the electron drift velocity, F,is the longitudinal 
electric field, x; is the fraction of the electron energy lost in 
each collision, Q, is the collision cross section and f(T,, v,) des- 
cribes the electron velocity distribution at an electron tempera- 
ture 7.. If the distribution function is known and the electron- 
temperature dependences of U, and /, are available from experi- 
ment, Eq.(1) is a Fredholm integral equation of the first kind, 
giving the cross section for the i-th process as a function of the 
electron velocity. 

2. One of the processes the cross section of which can be stu- 
died by Eq.(1) is electron sticking or attachment. Introducing 


2 de 
the dimensionless parameters wee and Ti pes writing 
0 

; jeU .E, (2um,)!? 
° v (t) a 4rle (kT'o) 
‘and noting that x; —1, we obtain 

2 

o() =) Qe) a exp ( 7) de. (2) 
0 


The particular form of the kernel in (2) suggests that we at— 
tempt to solve the equation by an expansion in Laguerre polynomi- 
als. On the other hand, when we note that under actual conditions 
g(t) 1S an interpolation polynomial passing through the exper imen- 
tal points, we see that it is simpler to obtain a solution in the 
form of a polynomial. 

If the interpolation polynomial 4(t) starts with a term not 
containing 1, the solution Q¢) to be found is of the form 


Qe) =qaet tt net. +a” (3) 


Inserting (3) into (2) and performing some elementary opera- 


tions, we arrive at 
a 


Gn Peer (4a) 


a 


ay ye 
Q@@)= po tre ttre 2) 
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where 40, @1,...,d, are the coefficients of the interpolation poly- 
nomial, and [(n) is the gamma function of an integral argument. 
Equation (4b) will give the desired estimate of the electron at- 
tachment cross section from indirect measurements in the positive 
column. ; 

3. Consider two positive columns one of which contains a 
third charged component, namely, negative ions. If the concen— 
trations are low and the electron temperatures in both discharges 
are the same, the radial motion of the electrons and positive 
ions, as well as losses at the walls, will be practically the 
same.1 The energy balance, however, will be different because 
of losses due to the interaction of the electrons with the elec- 
tronegative component. This then leads to a difference in the 
longitudinal gradient necessary to maintain the discharge with 
the negative ions. We shall call such positive columns Schottky 
equivalents. 

Writing out the energy balance equations for an electron in 
the equivalent columns and subtracting one equation from the oth- 
er, we obtain 


ec (2m 2eV 
(eU .E,) —(eU .E,) = \ \ar O8as G5. soy e : 2 


5 (die 


2 
) 
n Ve mn 


m, 4 f m, */e ( a 2 (5 ) 
x 5) Ve4ATT \ sere exp a OKT, VeAve, a 


where Qeia, Qat, and Q, are the cross sections for the elastic in- 
teraction, attachment, and inelastic interaction with the electro- 
negative component, V, is the excitation potential for the k-th 
level, and the prime denotes the equivalent column with the addi- 
tional component. If as the electronegative gas we chose a halo- 
gen, and the fundamental process giving rise to negative ions is 
taken to be dissociative attachment2, the Qatt term will, in a 
wide electron temperature range, be greater than (2m,/M) Qe1, and 
(2V,hm.v3) Ox. Under such conditions the excess energy released by 
the electrons goes essentially for compensation of attachment 
losses. Equation (5a) then can be written 


: - mv? me "v2 . 
(CUE) — (UE) =\ Qate 5 vein ( 8] exp (— 22") fare, (5b) 
0 
which agrees with (2) when one writes it in dimensionless vari- 
ables and takes 


(2nm,)"" [(eU .£,) — (eUE,)] 
4"? (kT) /2 


Q(t) = 


By measuring the electron drift velocity and the longitudi- 
nal field in equivalent columns at various electron temperatures, 
one can obtain 9 for several values of t. Then the interpolation 
polynomial is constructed to pass through the points obtained, 
and its coefficients a can be used to calculate the 4. 
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; 4. In conclusion some remarks should be made concerning our 
method for calculating the attachment cross section and its ap- 
plicability to other processes. 

; In order to find g(t) one must know the electron-temperature 
dependence. In a column containing no negative ions, this is 
found by using probes. This is a difficult procedure when there 
are negative ions present, but the relation between the longitu- 
dinal electric field and the temperature can be established by 
measuring the intensity of the spectrum lines of the parent gas 
in equivalent columns. The required changes in the electron tem- 
perature can be realized by varying either the partial pressure 
of the parent gas or the discharge current, since Eq.(5b) is in- 
dependent of the concentration of the neutrai atoms of the parent 
gas and of the electrons. The solution represented by (4b) is an 
approximation in the sense that it insures the agreement between 
the calculated F: values and those obtained experimentally by 
measuring g(t) (these calculations may be carried out in the usual 
way”). 

Methods similar to those discussed here can be developed for 
finding the cross sections for ionization and excitation of vari- 
ous levels by measuring the ionization frequencies and intensi- 
ties of spectrum lines. They will in general be analogous to the 
method of finding the energy dependence of the attachment cross 
section from measurements of the mean cross section.4 

I am grateful to N.I.Bakievich for valuable advice. 


Tula Pedagogical Institute 
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ENERGY TRANSFER IN MOLECULAR COLLISIONS 


- A.1.Osipov & E.V.Stupochenko 


Excitation of internal molecular degrees of freedom is one 
of the more important elementary kinetic processes. In particu- 
lar, such phenomena as ultrasonic dispersion in diatomic gases, 
distribution of adsorbed gases on solid surfaces, and thermal 
dissociation of diatomic molecules cannot be understood without 
studying the transformation of translational into vibrational 
energy. In addition to such conversion processes, an important 
role may also be played by transfer of vibrational energy. This 
is of importance, for instance, in transport theory. 

The quantitative description of energy transfer processes 
involves cross sections and transition probabilities. In the 
present paper we discuss a semiclassical method for calculating 
such probabilities, and we determine the probability for the 
transformation of translational (kinetic) into vibrational ener- 
gy in molecular collisions under strongly nonadiabatic condi- 
tions, as well as the probability for transfer of vibrations in 
molecular collisions. The calculations are performed for head 
on collision of diatomic molecules, in which the nuclei of the 
colliding molecules all lie on one straight line. 

The transition probabilities are obtained from an asympto- 
tic solution of the time-independent Schroedinger equation which 
describes the collision process. 

Let V(r,z) be an arbitrary potential describing the molecular 
interaction, where r, is the relative motion coordinate and .z re- 
presents the set of intramolecular coordinates. Under such gene- 
ral conditions the Schroedinger equation is very difficult to 
solve, even using perturbation theory (the method of deformed 
waves). To avoid these difficulties, Zener“ suggested a simpli- 
fication in which the relative coordinate of the colliding mole- 
cules is treated as a parameter whose time dependence is given 
classically. Then for a practical determination of the transi- 
tion probabilities, Zener uses the set of equations 


feet aae = [Hmo1(x) + V (7 (t), xr) }(z, t), (1) 
d2r ann (7) 
a Pee salon (2) 


where Van = Sip*,(z)V(r,z)pn(x)dx and the (x) are the eigenfunctions of 
the unperturbed molecular Hamiltonian. 

Under some conditions it is easier to solve this set of 
equations than to deal with the time-independent Schroedinger 
equation. However, the conditions under which such an approxi- 
mation is valid have not yet been clarified. Usually, it has 
merely been asserted that for sufficiently high relative velo- 
cities (quasi-classical relative motion) and when AE<E (where 
AE is the energy transferred, and £ is the kinetic energy ori- 
ginally available), the results obtained by Zener's method are 
the same as those obtained by the deformed wave method.394 It 
turns out, however, that these conditions are insufficient if 


=) 997? = 


one wants to describe the relative motion in this problem classi- 
cally. Our derivation of Eqs.(1) and (2) from the time-indepen- 
dent Schroedinger equation shows that in addition to the above 
conditions, it is necessary that 


| 4 < Vaan 
Vn 


<a (3) 


This condition is fulfilled automatically if the amplitude 
of oscillation of the atoms in the molecule is much smaller than 


the effective range of the intermolecular forces. In this case, 
we have 


Cr Eye V (rice oc - 


ie (4) 


x=0 


and V,, will differ from Vym by a quantity of higher order. In 
practice condition (3) is fulfilled for the first few vibrational 
levels and has a rather simple physical meaning: in the total 
Hamiltonian the relative coordinate can be treated as a time-vary- 
ing parameter only if the molecular vibrations do not affect the 
relative motion. 
Let us now use this method to find the probability for trans- 
formation of kinetic to vibrational energy in the collision of 
atoms with molecules under highly nonadiabatic conditions. 
In the representation in which the unperturbed Hamiltonian 
is diagonal, Eq.(1) can be written 


da; 2 : 
ih * = Sam (t) Vim (7 (¢)) exp amt, 
Phos) rer. 


Under highly nonadiabatic conditions, 
Onm T << f (6) 


(where + is the duration of the collision), and the exponential 
in Eq.(5) can be replaced by unity. The solution of such a set 
of equations reduces to finding the eigenfunctions and eigen- 
values of the V,,, matrix. 

We invoke (4) and assume, as one usually does, that the mo- 
lecular interaction potential is determined by the interaction 
of only the nearest atoms in the collision, i.e., that 


Vira) =v 12); 
where i depends on the mass ratio of the atoms in the molecule. 
It can then be shown that the transition probabilities for our 
problem are of the form 


[oe] 


Prin |\Gm (02) F =| \ dF (x) exp —i2Mn Xhn (x) dx - (7) 


— oO 


where k, = 


ag is the wave number of the incident atom.* 


*Nikitin® solved a similar problem for oscillators. The ex- 
pressions he obtained for the transition probabilities, however, 
are valid only for sufficiently large values of 7. 
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Let us try to understand this formula by applying it to a 
special case. Let n= 0, and let the yn be oscillator eigenfunc- 


tions. Then 
gm 
mag rear 
Pom =e ae (8) 


where q=2koAzo » and m=) x, is the expectation value of the os- 


cillator amplitude in the first excited state. 

It is evident from (8) that for ¢<1;, the most probable tran- 
sition is 0 —»1, for which Por = g2 = 4x. 

For g>1, the maximum probability is for transitions to a 
level with m~q®. In both cases the energy transferred is gho= 
Ey es Usha in agreement with the corresponding classical result. 

We emphasize the following fact. Equation (7) is obtained 
by our method only if (4) is fulfilled. It can, however, be 
shown that this formula will be valid for any arbitrary interac- 
tion potential® provided condition (6) is fulfilled; in the case 
of an oscillator this condition becomes 


ot< 1. 


Our method can also be used to find the probability for 
transfer of vibrational energy in molecular collisions, regard- 
less of the adiabaticity of the collision process. 

As before, we proceed from Eqs.(1) and (2). In the repre- 
sentation in which the unperturbed Hamiltonian Apo1(2) = Ai(x1) + H2(22) 
is diagonal, Eq.(2) becomes 


i 
de a Apq (£) V (xt) (pa) (7 (¢)) EXP Oct) (paye (9) 
Axl (— oo) = Op mOin: 


Since the probability for transfer of vibrations is much 
greater than the probability for transformation of kinetic to 
vibrational energy, / it is reasonable to attempt to solve (9) 
by perturbation theory, assuming in the first approximation 
that a,, is different from zero only if 

(Bet BR. oak 
Bude eee ay (10) 

As before, we find that the probability for transfer of vi- 

brational energy is 
Mk Sa * , 3 
Pri = | a,1 (00)? = \ Pit (Xz, Ly) exp — — X 4X28 (90) Wmn (X1X_) dxydx_| , 


where 


dr? 
—oo 


B (co) = Ste \ dF. (11) 


and j, and i, are the analogs of 4 in the preceding problem. 
Again, let us turn to a special case. Assume the initial 

Bune of the colliding molecules is such that |k —m|<m and 

|2—n|<n, and let |k—m|=|l—n|=q. Replacing the matrix ele- 


’ 
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ment in (11) by the appropriate Fourier component, we find that 
the probability for transfer of vibrational energy is 


pr PP | Bron Xr, } P ( aue3 


2h ¥ 2h 


where Ji is a Bessel function, and %y, is the expectation value 


of the oscillator amplitude in the k-th state. When PFontok — 4 

2h 2 
corresponding to an adiabatic collision (wtS1) Eq.(12) goes over 
into the usual expression given by perturbation theory, / and for 
this case the most probable transfer is of a single quantum; then 


the probability is 


m, m+1 4 
Dilip 


A In the opposite limit (wt<i) , the probability is of the 
orm 


Pri ~ (ot)? 


and is also small. In order words, if »t<1, the collision is so 
fast that the vibrational quanta do not have enough time to go 
over from one molecule to another. 

The maximum value of the probability occurs when wt~1, that 
is, when the duration of the collision is of the same order as 
the vibration period of the oscillator. 
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THEORY OF THERMAL DISSOCIATION OF DIATOMIC MOLECULES 
_ E.E.Nikitin & N.D.Sokolov 


Thermal dissociation of diatomic molecules, 
Kz 
AB+M—~A+B+4M, (1) 


has been treated by Ricel?? and Careri.°~° Careri, basing his 
work on simple collision theory, takes as a premise that disso- 
ciation of molecules can occur by direct transition from one of 
the low vibrational levels of the bound state to the dissociated 
state. Theoretical calculations supported by direct experimental 
evidence (as for instance, the data on ultrasonic relaxation?®), 
however, show that in molecular collisions generally the energy 
transferred is very small compared to the dissociation energy D. 

Rice, 1» on the other hand, bases his calculations on the 
correct assumption that the molecule undergoes transition into 
the energy continuum from one of the upper vibrational levels; 
he does not, however, take into account the breakdown of the 
Boltzmann distribution of the molecular vibrational levels. 

Recently several models for dissociation have been proposed 
(in connection with the stochastic theory of chemical reactions) 
which take into account the fact that dissociation takes place in 
a sequence of steps.?-14 In one of our workslO we showed that if 
one wants to calculate the dissociation rate, one must not ignore 
the fact that the vibrations are not in general harmonic and that 
consequently the number of vibrational quanta decreases as the 
available vibrational energy of the molecule increases. By using 
this and taking into account rotations, one can calculate the dis- 
sociation rate Az. 

Let P,,, be the probability for transition from level k to 
level k—i for some molecule AB in a single collision with a mole- 
cule M. The probability of vibrational excitation of the molecule 
AB in the transition from level *—1 to level & can, clearly, be 
written in the form 


Pea e = Pie exp (— Ex, x—1/kT), 


where £,,, is the difference in energy between levels k and k —1. 

Let z,(#) be the distribution function, i.e., the population 
of the &£-th level. Then the equations of motion can be written 
in the form 


dry 


ions Z {0 Px, pp — (Prorat pty Pps, ) Xe + Pri Ly+1} 
(k = Qe. .n) (2) 


with the boundary conditions z, =7z,,:, —0. Here Z is the number of 
collisions per second, Paintitnts = Po is the probability for a tran- 
sition from the highest discrete state to a state in the continu- 
um, and 2, = exp (— E,,,-4/ kf). 

Equations (2) are deduced on the assumption that transitions 
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take place only between neighboring vibrational levels in the dis- 
srete spectrum, and that dissociation is possible only from the 
highest lying discrete level. 

The general solution of (2) is of the form 


Xp (t) = SY) Ax (lm) xP (UW — pnt), (3) 
m=0 
where the iu, are eigenvalues of the matrix Bon the right side of 
(2) Sipe index m enumerates these eigenvalues in order of increas- 
ing Um Y 

If P, =0, the eigenvalues of the corresponding matrix B” 
form the sequence ,\. Thermal equilibrium then corresponds to 
the first eigenvalue , —0. 

If P..—0, local perturbation theory! tells us that all the 
Um Will be displaced in the same direction relative to the n°. 
When p.>0, we have pm>p). If ty <1, it follows from (3) that 
for t>1/,, the distribution function decreases exponentially, 
which corresponds to dissociation. Then y», is the dissociation 
rate, and un, is the vibrational relaxation rate. Calculation 
shows that in most cases p<}. 

Under these conditions the lowest eigenvalue of B can be 
found by expanding the corresponding determinant in powers of ui, 
and keeping only the first two terms. 

Calculation gives 


n n+1 
ty = 2 || Sexp (— £5 /KT) >i exp (Es /kT) [Ps, a]. (4) 

j=0 es 

The second sum in the brackets does not significantly depend 

‘on the lower limit, since the terms increase greatly as s is in- 
creased. We can therefore change the order of summation in (4), 
‘and the lower limit in the sum over s can be changed to unity. 
Then the sum over j; becomes equal to the sum over the vibrational 
states 0 of the molecule AB. Bearing in mind that the equilibri- 
um distribution function is given by 


gio) — exp (— LRT I/O; 
Eq.(4) can be rewritten in the form 


to = 2 | [1/31 Poo + D) 1/HP, a] (5) 
k=1 
It is easy to show that the sum in (5) is determined essen- 
tially by a few of its largest terms. The first term in the 
brackets is small compared to the sum, since the probability for 
‘transition to a continuum state is much greater than the probabi- 
lity for vibrational transitions." ~’ On the other hand, as 
E->0, the terms of the sum decrease as exp(E/kT). The largest terms 
of the sum correspond to the transition region between adiabatic 
and nonadiabatic collisions, i-.e.-, they are given by the relation 


Eieninco A, (6) 
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where g-! is the effective range of the exchange forces, and v is 
the mean thermal velocity of the colliding molecules. Recalling 
that « is related to the fundamental frequency of a diatomic mo- 


lecule by 
@,=4V 2D/m, 


where m denotes the reduced mass of AB, we may rewrite (6) in the 


form 
kT 
Ey. k-1—~ AW, ae 


(assuming that the ratio of the reduced mass of AB to the reduced 
mass of the colliding molecules is close to unity). Under non- 
adiabatic conditions, the probability for the corresponding 
single-quantum transition is of the order of one. 

It is easily shown that no great importance should be at- 
tached to our earlier assumption that only single-quantum transi- 
tions take place and that dissociation is possible only from the 
highest lying level. Indeed, this assumption will be invalid on- 
ly if E,,-/hav<1, and this is possible only in an energy interval 
of the order of kT about the dissociation cutoff. This, in turn, 
can lead to an ambiguity of the same order of magnitude in the 
effective dissociation energy and to a small ambiguity in the 
dissociation rate constant. 

Replacing the sum in (5) by an integral, we now have 


Z haw DikT) Z OU rey C20 FER) 
RE ee LEG : (7) 
ses Q a Q 

The dissociation rate Ka is equal to p, averaged over all the 
rotational and electron states of AB, namely, 


hav 
Ge bro X ap exp(—D/kT 
Ka = Ge \ vo (Des) oxp (— Bro! KE aaa hers Oe ila A eae aetna et) 


where Der is the effective dissociation energy of the rotating AB 
molecule. Because of centrugal forces, Der is smaller than D. 
When we integrate (8) we obtain an additional term multiplying the 
exponential (gegro>1; the first term is due to the increased elec- 
tron statistical weight of the excited vibrational level). 

The nonequilibrium distribution function corresponding to ex- 
ponential dissociation is given by the first eigenvector /, (uw) of 
B. The 1, (uo) are easily found using the general relations for the 
eigenvectors of Jacobian matrices, since the expression for jw is 
known. We will not go into this question at this time. We note 
only that the percent depopulation of the upper vibrational level 
proves to be of the order of 


exp [(D — E,) / kT], 
where p is the number of the vibrational level, reckoning from the 


dissociation cutoff. This result agrees, in i j 
particula with ear- 
lier results for a dissociating harmonie Osciliateeg te 
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. Since in the actual case of an anharmonic oscillator the vi- 
brational energy spacing in the neighborhood of dissociation cut- 
off is small compared to k7, many levels are comprised in the re- 
gion of significant depopulation. One may therefore say that in 
‘a dissociation reaction the distribution is highly "non-Boltz- 
mann". For a harmonic oscillator, on the other hand, the oppo- 
Site conclusion follows if hw,/ATS1. 


Let us consider, for instance, the dissociation of bromine 
in the reaction 


Br, +A —>Br+Br-+A. 


Calculation of gro and integration of (8) gives g,.~7. Owing 
to centrifugal expansion of the Brg molecule the collision rate 
of a vibrationally excited molecule may be some 2-4 times greater 
ethan the gas-kinetic collision rate Z,. Further, the statistical 
weight of the stable electronic states converging towards the dis- 
sociation cutoff D is 5.1 Thus an evaluation of K, from (8) for 
the condition iwo/kT <1 gives 


Ka = 5-40-°Z,(D/ kT)" exp (— D/kT). (9) 


Hence for 7 = 2000°K, and setting Zy = 4.35 1087"? em3 mole7t 
sec”~*+, we arrive at 


Ka = 4-10" exp (—D/kT); 


the experimental value of the rate constant at this temperaturel8 
is K, = 5-40 exp (— D/kT). 
: At other temperatures (1000 to 1500°K) the agreement between 
the experimental and theoretical values of K, is also satisfactory. 
“Similar results are obtained also for, the dissociation of iodine 
and hydrogen in an argon atmosphere.-°~? 

Since dissociation is a complex stochastic process of suc- 
cessive vibrational excitation of the AB molecules, followed by 
their dissociation, the breakdown of the Boltzmann distribution 
reduces K, compared to its equilibrium value (Kalequi=KKrec where 
Kis the equilibrium constant of reaction (1). The recombination 
constant Krec Should be about equal for the nonequilibrium and 
equilibrium processes, since the recombination rate is determined 
essentially by the transition rate of two colliding atoms from a 
continuum state to one of the high-lying vibrational levels of the 
‘pound state. According to Willard (as cited by Palmer & Hornig}]8), 
the value of (Kaequi fOr dissociation of Brg at T = 300° is about 
equal to 10! exp (—D/hT); the value of K, according to (9) is about 
410 exp (—D/kT), i.e., approximately one tenth the equilibrium value. 
This difference is therefore connected with breakdown of the vi- 
prational equilibrium distribution of the Brg molecule in the ini- 
tial stage of the dissociation. 

Several authors!,21 have remarked on the high value of the 
factor multiplying the exponential in the expression for (Ka)equi 
for diatomic molecules as compared to Z,. This divergence is due, 
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on the one hand, to the same factors that make (Kaequi greater than 
Ka. There are two such factors: the high (equilibrium) population 
of the upper vibrational levels, and long-range forces. The last 
follows from the work of Russell and Simons , 2 who found the de- 
pendence of Arec (and therefore also of (Kalequi ) On the strength of 
the van der Waals interaction between the molecule M and the re- 
combining atoms. The long-range forces, however, do not affect 
Kj» since they are of importance only for transitions from the 
highest vibrational levels to the continuum, which means that 
these forces have no effect on the rate of the most rapid stage 
of the dissociation process. On the other hand, the increase over 
Z, of the factor multiplying the exponential in the expression for 
(Kalequii is favored by the factors we have treated above, namely, 
rotation of the dissociating molecule, the presence of several 
stable electronic states, and some increase in the diameter of 
the vibrationally excited molecule. 

It follows from all the above that (K,) depends on the concen- 
tration of the reaction products, although it is usually def ined 
as a real constant. This means that the ordinary kinetic equation 


— © [AB] = Ka [AB] {M] — KrecfA] [B] [M] (10) 


for a dissociation and recombination process is invalid over the 
entire interval of variation in the concentrations of A, B and M 
inasmuch as it does not take into account the difference between 
Kq and (Ka)equi - 


Institute of Chemical Physics, 
Academy of Sciences of the USSR 
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ELEMENTARY PROCESSES INVOLVED IN COLLISIONS 
BETWEEN SLOW IONS AND MOLECULES 


2° 2 Peetaeroze 


Collisions of slow ions with molecules are the principal form 
of ionic encounters leading to chemical conversions in plasmas and 
substances subjected to radioactive radiation. The principal forms 
of such conversion are transfer of charge (charge exchange) and 
transfer of heavy particles. The basic technique for investigating 
these elementary processes is the mass spectroscopic procedure. 

Systematic investigations of transitions of heavy particles 
were carried out in our laboratory! and by Schissler & Stevenson 
and Field et al? in the U.S.A. For the purpose of investigating 
such ion-molecule reactions there was developed in our laboratory 
a mass spectrometer with a highly monoenergetic electron beam. 
The secondary ions - the reaction product) — were identified from 
the appearance potentials and from the variation of the ratio of 
the secondary and primary ion currents as a function of the pres— 
sure in the region of ionization. There was developed a pulse me- 
thod for determining the reaction rate constants: ionization with 
a microsecond electron pulse, variation of the reaction period, and 
a short ion extraction pulse. 

Specifically, we investigated processes of the type 


+ + 
Ho + Hoe Hy + H, 
or in general 
RHt + M = R + MH’ - transition of a proton 


and 


RH + Mt R + MHt - transition of an H atom. 


The last BLeCeee was also investigated by Schissler & Stevenson” 
and Field et al’. In addition, Schissler & Stevenson detected pro- 
cesses of the type 


-- 
CH. 


and recently Field & Lampe® observed a process of the type 


+ ‘ 
+ CH, = CoH. + H, - synthesis of a C—C bond, 


+ 
R + R,H = RH + Ry - transition of an. HH. ions 


It is evident from the results of all these investigations that 
the above-mentioned and Similar processes do not require an activa- 
Mgt tee aoe and their cross section, when they are exothermic, is 
fe) e order of magnitude of the gas kinetic cross secti 
somewhat larger. Maegan 

However, the inference regarding the absence of an activation 
energy cannot be extended to all ion-molecular reactions with tran- 
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sition of heavy particles, particularly to reactions which involve 
-omplex rearrangement of double or triple bonds. Thus, for example, 
sShezhetskii & Dmitriev’ showed that the reaction 


Ne + 0, = Not + NO, 
yeing exothermic, requires an activation energy of ~7 kcal/mole. 

And actually, as our experiments showed, this reaction is not ob- 
servable under mass spectrometer conditions where secondary pro- 
sesses with a cross section less than 10719 cm are virtually unde- 
tectable. 

Of particular interest is the question of the intimate mechanism 
of the elementary event in such processes. Our experiments showed 
that there is pronounced anisotropy in the velocity distribution of 
the products of ion-molecular reactions (preferentially forward). On 
the other hand, careful measurements (sensitivity up to 10-3 ev) of 
the kinetic energy of the reaction products showed that in the case 
of the reactions 


Ho0* + HoO = H,0* + OH, 
NHt + NH3 = NH4 + Nip, 


* , + 
Ho 2 H50 H,0 + H 


and 
+ + 


the energy released as the result of the process initially remains 
in the form of excitation of the product particles, and only an in- 
Significant fraction of it is converted to kinetic energy. These 
results indicate that in the course of the elementary event there 

is formed an intermediate particle; hence one can only formally 
characterize the process as we did above, i.e., call it "transition" 
of a proton or hydrogen atom. It was shown, for example, that in 
the case of the endoergic reaction 


+ + 


the kinetic energy of the primary ion (up to 15 ev) does not allow 
of overcoming the barrier due to the endoergic nature of the reac- 
tion and attaining a reaction cross section detectable in a mass 
spectrometer. 

The other line of research in our work was investigation of the 
second type of conversions occurring in encounters of ions with mo- 
lecules, namely, charge exchange processes. Whereas there have been 
many investigations of charge exchange of atomic ions in encounters 
with atoms and diatomic molecules, the only thorough study of charge 
exchange of ions with polyatomic molecules is that reported by Lind- 
holm?’. He investigated the charge exchange of atomic ions with rela- 
tively simple molecules (H20, N20, C02, NH3, HgS and CH4) and ob- 
served the processes of nondissociative charge exchange, for example, 
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at HO = F + OH + H+q; (1) 
is the thermal effect or heat of the process. 
Scns basic postulate from the standpoint of which Lindholm treats 
all his results is that decisive as regards the cross section for 
the process is its degree of "resonance", i.e-, in cases when q is 
zero or somewhat greater than zero, there is observed a large cross 
section; it is understood that q includes the energy of metastable 
excitation of the incident jon. Inasmuch as, for example, the F 
ion in reaction (I) is excited, there is evinced a large cross sec- 
tion for the process of dissociative charge exchange for which there 
is required an energy of 18.7 ev, i.e., an energy close to the ener- 
gy of recombination of the metastable excited F+ ion (20.1 ev). 
49/0 According to Lindholm, conversion of 
the kinetic energy of the incident ion 
to internal energy in such processes 
(at the 500 ev ion energy used in Lind- 
holm's experiments) plays no significant 
| role; in other words, in such systems 
oe cae Told fell one can justifiably speak of rigorous 


| 
| 
| 
! 
| 
) 
1 
' 


58 43 62 41 39 29 28 27 26 15 I4m/e fulfillment of Massey's adiabatic cri- 
Fig.1. Mass spectra of ace- terion. 
tone obtained for charge We investigated a large number of 
exchange of ~500 ev Xet charge exchange processes involved in 
ions (solid lines) and io- the interaction of atomic and intermole- 
nization by 60 ev elec- cular ions with simple and complex mole- 
trons (dashed lines). cules in the incident ion energy range 

it from 10 to 103 ev. These experiments 

#1 were carried out in the special double 


mass spectrometer described in Ref.9 
with detection of the secondary ions by 
means of a secondary-electron multiplier. 
The primary ions were obtained by bonm- 
At bardment of the appropriate gas with 20 
eer ort. a ae ares tere to 80 ev electrons in an “ion gun” at gas 
58 43 42 4 39 29 28 27 26 15 Kmfe pressures of 10-5-10-4 mm Hg. The gas 
Fig.2. Mass spectra of ace- pressure in the charge exchange chamber 
tone obtained for charge was 10-5-10-4 mm Hg. 


exchange of ~500 ev CH4 It was found that charge exchange pro- 
ions (from acetone) and cesses involving polyatomic molecules 
ionization by 60 ev elec- lead to a large number of different modes 
trons (dashed ]jines). of dissociative ionization. By way of 


illustration in Fig.l we show the mass 
spectrum obtained for charge exchange of 500 ev Xet+ ions with acetone 
molecules (the intensity of the individual lines has been normalized 
to the integral intensity of all the lines). The total cross sectiol 
for charge exchange according to our measurements is four times smal: 
ler than the cross section for resonance charge exchange of At ions 
in argon at the same energy. 

By appropriate choice of the primary ions one can eliminate a 
number of modes of dissociation and obtain a charge exchange mass 
spectrum in which many lines of fragmentary ions are weakened com- 
pared to the mass spectrum obtained by conventional bombardment with 
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electrons (with an energy of some tens of electron-volts or higher - 


Fig.2). 


The fundamental fact that we want to emphasize here is that 


in the usual charge exchange mass spectrogram there are present lines 
associated with fragmentary ions, which should not be observed if it 
is assumed that the incident ion is not excited and the kinetic ener- 


gy of the ion is not converted into energy of the process. 
the elementary process 


example, 


Xet 


should require for its realization an energy of 7 ev, 
sumed that the incident ion is not excited. 


Thus. for 


Le 
+ CoH, = Xe + CH, co CHo (II) 


if it is as- 
Yet in actual fact in 


the charge exchange mass spectrum for C2H4 obtained for an incident 
ion energy of 250 ev (Fig.3), there is evident an intense line at 
mie = 14, i.e., associated with the fragmentary CHS ion.* 


x10 


Ra 27ee26 ugha AS th . (F12 m/e 


Fig.3. Mass spectra of 
ethylene obtained for 
charge exchange of 250 


Assuming that the kinetic energy in the 
given energy range cannot lead to realiza- 
tion of so strongly endothermic a process 
with an appreciable cross section, it could 
be hypothesized that the appearance of the 
fragmentary ions is indicative of the pre- 
sence in the incident beam of ions with an 
appreciable metastable excitation. However, 
judging from the data of Lindholm for ions 
of inert gases obtained by electron bombard- 
ment, metastable excitation cannot be signi- 
ficant. This and other facts led us to con- 
Sider a different possible cause of such en- 
doergic processes and to investigate experi- 


ev Xet ions (solid lines) 
and ionization by 60 ev 
yelectrons (dashed lines). 


mentally the role of conversion of kinetic 
energy in charge exchange involving not very 
fast ions in encounters with polyatomic mo- 


ee 
21. 


x10 
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Fig.4. Mass spectra of 
ethylene obtained for 

charge exchange of Xet 
jons with an energy of 
70 ev (solid line) and 
40 ev (dashed line). 


*The total charge exchange 
to be eight times smaller than 


lecules. It was found that in contrast to 
the case of charge exchange in encounters 
with atoms and simple molecules, such energy 
conversion plays a very significant role 
even in the case of very slow ions and can 
lead to realization of charge exchange pro- 
cesses with an appreciable cross section 
even close to the threshold determined sim- 
ply by the laws of conservation of energy 
and momentum. 

This can be illustrated by the results 
of our investigation of charge exchange of 
Xet+t in ethylene. Fig.4 shows the mass spec- 
tra of Co9H4 obtained for charge exchange of 
Xe+ ions with energies of 70 and 40 ev. It 
will be evident that with decrease of the 
kinetic energy the relative intensity of the 
m/e = 14 line is sharply reduced, i.e., the 


intensity of this line falls virtually to zero at ion energies below 


cross section for Xet + CoH, proved 
the cross section for At + A. 
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70 ev. Consequently, PEOCeSS ea occurs primarily at the expense 

i ic ener of the Xe ions. 
ai Broke Sect abe fat kinetic energy into energy of the Pree Se aa 

if i t role in charge exchange of ions interacting wi 
Bee See a hain ae On th ther hand, the "resonance factor" also 
Scan Seats Mee widad »pieeee he influence of this factor is 
remains significant. An example of the influ EERE iy 
furnished by the investigations of Lindholm of charge exc ang ee 
ions in methane; in the resultant mass spectrum the line COE eae 
ing to CHt ions is virtually absent, while the lines aeie me be 
the fragmentary CHS and CHS ions have an appreciable ia LenS Sed 
ever, aS our experiments show, with increase in COMBE Baty fe) Bee 
molecule, the role of the "resonance factor becomes wea oF ano Be oe 
gether with intense lines associated with resonance (dissocia ~ : 
nondissociative) charge exchange, there appear in the spectrum intense 
lines of ions for the formation of which there is sufficient energy. 
This circumstance makes it possible to utilize the charge exchange 
mass spectrum of complex molecules for determining the presence of 
metastable excitation of the incident ions (from the appearance Pom 
tentials of fragmentary ions knows from the data on electron impact ei 
In doing so, however, one must bear in mind what has been said above 
regarding the kinetic energy in the processes in question and the con- 
sequent necessity of checking the data using primary 10nSs with an 
energy below the threshold value. ; 

Worthy of attention from the theoretical standpoint is the ques- 
tion of difficulty or ease of conversion of the kinetic energy of the 
incident ion into energy of the charge exchange process in the case 
of complex molecules and the weakening of the "resonance factor" in 
such cases. Both these effects are apparently connected with increase 
in the number of intersecting and overlapping energy levels with in- 
crease in complexity of the molecule. The closest analogs to these 
effects in the field of optical spectroscopy is the transition from 
line spectra characteristic of atoms to the band spectra of simple 
molecules and the broad absorption peaks exhibited by complex mole- 
cules. 

Of particular interest for future investigation are cases when 
there are possible from the energy standpoint both charge exchange 
processes and processes involving transition of a heavy particle. 

The question of the ratio of the cross sections for these processes 
is of exceptional importance in the fields of the chemistry of elec- 
tric discharges and plasma physics. 

The following participated in the investigations described in the 
present report: E.L.Frankevich (transitions of heavy particles), G.K. 
Lavrovskaya, M.I.Markin (charge exchange processes) , L.L.Dekabrun, 
G.D.Tantsyrev and A.K.Lyubimova (development of the experimental ap- 
paratus). 


Institute of Chemical Physics 
Academy of Sciences of the USSR 


*Data on the excitation of an incident molecular ion can sometime: 
be obtained by investigating the impact dissociation of this ion in e) 
counters with neutral particles. The role of excitation in processes 
of this type was first discovered by Tunitskii et a110, 
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INVESTIGATION OF ELECTRON LOSS DUE TO SCATTERING BY THE RESIDUAL GAS 
IN AN ACCELERATOR CHAMBER | 


A.G.-Vlasov, AeA.Vorob'ev, A.N.Kislov & R.P.Meshcheryakov 


Introduction 


It is a known fact that the efficiency of cyclic noce Tete ae de 
pends greatly on the residual gas pressure in the vacuum chamber. 
The rapid decrease in radiation intensity observed with increase of 
pressure in the chamber is evidence of the large number of accelerat~ 
ed particles lost owing to scattering by the residual gas. In design 
ing cyclic accelerators one must take this loss into account in specil 
fying the dimensions of the vacuum chamber. Extant methods of calcu- 
lating the loss of accelerated particles yield extremely divergent 
results (by as much as 2 orders of magnitude). The purpose of the 
present work, accordingly, was experimental verification of the theo— 
retical calculations of the scattering loss in the residual gas with 
a view to determining the best method of calculating the loss. 


Methods of calculating the loss and comparison of 
computed results 


Collisions of the accelerated electrons with the molecules and 
atoms of the residual gas in the accelerator chamber lead to an in- 
crease in the amplitude of the betatron oscillations. Despite the 
damping of the betatron oscillations in the process of acceleration, 
their amplitude owing to scattering of electrons by the residual gas 
may increase to half the aperture of the vacuum chamber, which leads 
to loss of electrons at the injector anode and chamber walls. In 
considering the excitation of the betatron oscillations owing to 
electron collisions with the molecules and atoms of the residual gas 
one must take into account elastic and inelastic collisions, single 
and multiple scattering and the damping of the oscillations in the 
process of acceleration. 

Thus calculation of the electron loss owing to scattering by the 
residual gas involves two groups of problems: first, problems con- 
nected with the process of electron scattering by the molecules and 
atoms of the residual gas, with determination of the scattering cross 
sections, the angular distribution of the scattered electrons, etc., 
and second, problems connected with the dynamics of electron motion 
in the accelerator. 

The most important results of calculations and experiments devot-. 
ed to problems in the first category will be found in the monographs 
listed under Refs.2 & 4. A number of authors5-1l2 have also considere 
the dynamics of the particle motion, taking into account scattering 
and loss of the accelerated particles owing to scattering. 

Here we shall consider only the final results of calculations of 
the electron loss owing to pe eh by the method proposed by Blach. 
man & Courant4,5, Greenberg & Berlin’»8 and Matveev9> 

Blachman & Courant® in calculating the proton loss took into ac- 
count only multiple scattering and deduced a formula for calculating 
the allowable pressure in the vacuum chamber for a given percent loss 
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3lachman & Courant took into account the damping of the betatron 
oscillations by introducing the coefficient 1/2. 

Thus according to Blachman & Courant the air pressure in mm Hg 
in the accelerator chamber at a temperature of 300°K equals 


p=0.667nE; eV -4—, (1) 
Ri 

where n is the index of the fall off of magnetic field with radius, 
E; is the injection energy in kev, eVis the energy acquired by the 
accelerated particles per revolution in kev, ),is the half-height of 
the chamber in cm, R,is the radius of the equilibrium orbit in cm, 
and 7 is a coefficient taking into account the specified loss in 
percent: for 10% loss 7 = 0.089, and for 50% loss 7 = 0.2. 

In using this equation for evaluating the electron loss one 
must introduce a correction coefficient of 1/4, inasmuch as this ex- 
pression does not take into account single and inelastic scattering. 
Obviously, evaluation of the electron loss by means of this formula 
is only approximate. 

The method of calculation proposed by Greenberg & Berlin? »8 
takes into account elastic and inelastic collisions, single and mul- 
tiple scattering and damping of the betatron oscillations. In their 
publications these authors do not give a final formula for calculat- 
ing the loss at a given pressure, but do give the upper and lower 
bounds. Obviously, the upper bound must be an overestimate, the low- 
er bound an underestimate, so that intermediate values determined by 
this method should be closest to the actual loss. Curves given by 
these authors can be used for determining the loss in an accelerator 
chamber at any given pressure. 

: In deducing his computation formulas Matveev took into account 
damping of the betatron oscillations and not only the vertical but 
also the radial betatron oscillations. In view of the cumbersome 
mature of the calculations by the Matveev method (numerical calcula- 
tions are possible only by means of a computer) for our evaluations 
we used the curves given by Matveev in Ref.10. 

The results of numerical calculations of the particle loss due 
to scattering for a number of accelerators by the methods of the 
cited authors are compared in the accompanying table. 

In column 9 we list the values of the pressure calculated ac- 
cording to Eq.(1) for a 10% particle loss. In columns 10 through 14 
we give the values of the pressure calculated by the method of Green- 
berg & Berlin allowing for 10% loss; here the indices 8 and w denote 
the initial particle distributions over betatron oscillation energies 
(in the 6 distribution all the particles after injection are assumed 
to be in the equilibrium orbit; the w distribution is homogeneous, 
i.e., the particles after injection uniformly fill the entire cham- 
ber). The 6 distribution leads to an overestimate of the allowable 
pressure inasmuch as the calculated loss in this case is smaller 
than the actual loss, while in the case of the w distribution the 
calculated pressure values are underestimates. The superscripts u,1 
and 1 denote the upper bound, the intermediate value and the lower 
bound for the losses, respectively. Columns 15 & 16 give the pres- 
sures calculated for a 10% particle loss by the method of Matveev. 

Analysis of the results given in the table leads to the follow- 


ing deductions. 
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1. Calculations by the method of Blachman & Courant give the high- 
est pressure values for which the particle loss does not exceed 10%, 
which means that the losses are not fully taken into account by this 
method of calculation. 

2. Lower pressure values for 10% loss are given by calculations 
by the method of Greenberg & Berlin (intermediate loss values) and by 
the method of Matveev. The method of Greenberg & Berlin gives pres- 
sure values 1.5-1.7 times higher than Matveev's computations. This 
can be explained by the fact that Greenberg & Berlin did not take in- 
to account the loss due to radial oscillations (they treated the two 
dimensional problem while Matveev formulated the problem in four di- 
mensional phase space). 

3. It will also be evident that there is an appreciable diver- 
gence (1-2 orders of magnitude) between the results of calculations 
‘by the different methods. This shows the importance of experimental 
verification of the theoretical results. 


Experimental procedure and apparatus 


In the process of injection a large number of electrons is intro- 
duced into the chamber. During the period of acceleration, particu- 
larly immediately after injection, there is a large output of elec- 
trons owing to acceleration due to collisions with the walls of the 
chamber and with the injector anode; these collisions are due pri- 
marily to betatron and radial-phase oscillations of large amplitude. 
The best way to obtain data on electron scattering by the gas is to 
measure the distribution of the radiation 
from some section of the accelerator wall 
(i.e., the radiation due to electrons leav—- 
ing the accelerator) during the entire per- 
iod of acceleration and to vary the chamo- 
er pressure or fill the chamber with diffe- 
rent gases, leaving all the other parame- 
ters constant. Choice of this procedure is 
dictated by the fact that it is impossible 


Fig.l. Block diagram of to instail detectors for the scattered elec- 
the equipment for measur- trons directly in the chamber of an operat-— 
ing the radiation from a ing accelerator, since such extraneous coun- 
given section of the ters would disturb the operation of the ac- 
chamber wall. celerator. 


The most suitable detector for tne ra- 
diation from the chamber wall is a scintillation counter inasmuch as 
other forms of counters either have an excessively long pulse time 
(Geiger counters) or yield an average current (ionization chambers). 
By using scintillators with a decay time of the order of 0.1-0.2 usec 
one can count the number of emitted photons with a fair degree of pre- 
cision. ; 7 
A block diagram of our experimental set-up 1s shown in Fig.l. The 
scintillator 1 is coupled by a suitable light pipe to an FEU-19M type 
photomultiplier 2. The scintillator is aimed at the selected section 
of the chamber wall by means of the collimator. ete scintillator, 
light pipe and photomultiplier are shielded with iead to minimize tne 
influence of extraneous radiation. A photon from the chamber wall 
produces a flash in the scintillator, which is detected by the photo- 
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multiplier. The pulse from the photomultiplier is fed into a wide 
band amplifier; the pulse from the amplifier goes to the 'Kashtan" 
type discriminator 3; the signal from the discriminator is fed into © 
the 16-channel time analyzer consisting of an oscillator} ~.2 idivid= 
er 6 and a matrix 4. Our time analyzer was similar to that described! 
by Belyavskiils but had a resolving time of 0.2 usec. The pulses 
from each channel of the time analyzer are counted and registered by 
PS-10 000 type scalers 7. The operating time of each channel is con-- 
trolled by the divider and can be varied from 2 sec to several min- 
utes. We used channel times of, -L6 ) 326 4j.and 256 wsec. 


Results of measurement and comparison with calculated values 


The measurements were carried out on the 15 Mev betatron of, the 
Tomsk Polytechnic Institute. To find the best section of the chamber’ 
wall for the radiation measurements, we measured the distribution of 
the radiation over a period of acceleration around the periphery of 
the accelerator in the plane of the orbit. The tests showed that one: 
can carry out measurement at azimuthal angles from 90 to 360° (reckon: 
ing from the position of the injector). In the 09 to 90° azimuth rang; 
there is a large amount of radiation produced by electrons from the i- 
jector that have not completed even one revolution. Accordingly, for’ 


/ 200 30d 400 (for a) 
0 7092 2000 3000 © ©4000(for b) 
t, Usec 


\ 
ZT NS 


Fig.3. Variation in the radia- 


q 2 oo ess tion from the 100° azimuth sec- 
Fig.2. Angular distribution tion of the chamber wall as a 
of the radiation in the pro- function of the acceleration 
cess of acceleration in the time with the chamber filled 
15 Mev betatron - 80 (1), with air at pressures of 1) l> 
270 (2), and 1180 (3) usec ©1075, 62), 110-6) Sandaa mea: 
after injection. 210-7 mm Hg. 


our experiment we settled on the section of the chamber located at 
an azimuth of 100°. It was found that the radiation from the section 
of the chamber wall (the section defined by the collimator equals a- 
bout 1 cm ) depends on the angle a of the collimator relative to the 
chamber radius at that point (see Fig.1). 

The measured angular distribution of the radiation is shown in 
Miche & AF: subsequent measurements we chose a = 30°. 

ig.3 shows the variation of the radiation intensity ( 
. number of 

photons) as a function of the acceleration time with fhe chamber 


a eee 
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filled with air at different pressures. 
| The dependences are plotted taking into 
account the variation of the electron 

fp energy in the process of acceleration. 

a Fig.4 shows the variation of the ra- 

diation intensity with the acceleration 

time with the chamber filled with helium 

and hydrogen at a pressure of 107° mm Hg. 

7 Prior to filling of the chamber with hel- 

eka, ae ah Woe eee) ium and hydrogen it was thrice purged with 

Oe ae the given gas and evacuated to 5-10-7 mm 


t, Usec Hg, which assured a gas purity of 90 to 
Picwt. Variation of the 95%. 


radiation from the 100° 
azimuth section of the 


The character of the curves in Fig.4 
Shows that the radiation and, consequently, 


chamber wall as a func- the scattering in the chamber filled with 
tion of the acceleration helium occurs more slowly than in the cham- 
time with the chamber ber filled with air and still more slowly 
filled with helium (1) & when the chamber is filled with hydrogen. 
Bogen (2). Pressure Similar results should be yielded by theo- 
me1O=>o mm =.Hg. retical calculations (these were not car- 


ried out for the 15 Mev betatron) inasmuch 
as the atomic number Z enters into the formula for the cross section 
so that the scattering must decrease with decrease of @. 
In order to obtain a quantitative picture we carried out measure- 
ments of the orbital current in the accelerator and its decrease in 
the process of acceleration. The measurement procedure was similar to 
that described in Refs. 14 & 15. These measurements showed that at the 


- 


40 


20 


0 250 500 750 t, sec. 0 1000 2000 = 3000 t, Usec 
Fig.s Fig .6 
Fig.5. Variation of the orbital current in the 15 Mev betatron as a 
function of the acceleration time. Current pulse duration - 4 \Usec. 


Fig.6. Output (1) of electrons from the accelerator and electron 


i j he acceleration 
loss (2) calculated theoretically as a function of t 
time at a pressure of 10-6 mm Hg with the 15 Mev betatron chamber 


filled with air. 


e inni tion the number of electrons in the equilibrium 
Oo EE es ie Fig.5 shows the variation in the orbital current 
as a function of the acceleration time to 1000 usec. Further decrease 
of the orbital current occurs very slowly and we were unable to as F 
sure it with adequate accuracy. Evaluation based on the yield o ar 


= (3038. 


gammas from a tungsten target gives a value of 108 electrons for th 


period of acceleration. a ; — 
Fig.6 shows the variation of the yield ol electrons with the ac 


celerating time with the 15 Mev betatron chamber filled with air; 
this dependence was obtained from the experimental data (Fig-3), ta 
ing into account the variation of the orbital current during the ac 
celeration period (Fig.5). The percentages are referred to the cur- 
rent carried in the accelerator. In Fig.6 we also show the theoret 
cal variation of the electron loss due to scattering in gas ata 
pressure of 10-© mm Hg calculated by the method of Greenberg & Ber- 
lin in the case of filling of the 15 Mev betatron chamber with air. 
The theoretical variation of the electron loss with time calculated 
by Matveev for a different accelerator?! is similar to that given Db 
the curves in Fig.6. For our calculations we assumed an injection 
energy of 30 kev, i-e-;, the value used in our experiments. With in 
crease of the injection energy the electron loss decreases. The va 
riation of loss with acceleration time in this case is similar to 
that shown in Fig.3, but the curve lies somewhat lower. 


Conclusions 


Comparison of the curves shown in Fig.6 shows that calculations 
by the method of Greenberg & Berlin and by the method of Matveev 
give fairly accurate values of the electron loss owing to scattering: 
by the residual gas, inasmuch as the results obtained by the two me— 
thods differ by a factor of only 1.5-1.7. 

While the method of Blachman & Courant can be used for evaluat-— 
ing the proton loss owing to scattering by the gas, for electrons 
this method yields an underestimate (see table}. The fairly good 
agreement of the experimental and theoretical results also indicates 
that our measurement procedure was a reasonably reliable one. 

We desire to thank V.G.Shestakov for aid in measuring the orbi- 
tal current and the staff of the Institute for assistance in carry- 
ing out the investigation. 


Scientific Research Institute at 
"S.M.Kirov" Tomsk Polytechnic Institute 
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PROCEDURE FOR MEASURING TOTAL PARTICLE COLLISION 
CROSS SECTIONS IN DENSE PLASMA 


-~ L.V.Dubovoi & O.M.Shvets 


Introduction 


The technique of probing with high frequency fields can be used 
for determining the probability for particle collision in gas dis- 
charge plasma. Thus, development of procedures for measuring the 
conductance and susceptance of plasmas not under the influence of an 
external magnetic field led to a new convenient method of determining: 
the probability for scattering of thermal neutrons by neutral parti- 
cles. 

In the present report we propose a method for measuring the total 
cross sections for the interaction of electrons or ions in a plasma, 
based on utilizing the properties of plasma in a magnetic field. 

The method is based on the variation of the conductivity of plas-— 
ma in the region of cyclotron resonance as a function of the cross 
section for collisions of particles in the discharge. The presence 
of a magnetic field allows of separating the conductivity of the 
plasma into components associated with the type of particles for 
which conditions of resonance are fulfilled. 

The mechanism of the phenomenon is analogous to the processes 
occurring in a cyclotron; the quantitative aspects of the problem 
have been considered by a number of authors -4. According to theo- 
ry, the loss in the plasma as measured directly from the absorption 
of the probing hf oscillations is proportional to the real part of 
the transverse conductivity of the discharge, which in the case of a 
Maxwellian velocity distribution of the electrons or ions is given by 


ged Ye ) Dy 
2M v2 + (o —o,)? g | 


where ¢ is the charge and Mis the mass of the "resonating" particles 
nis their concentration, » is the collision frequency, ow. is the cycla 
tron frequency of the particles, and » is the frequency of the nf 
electric field E applied perpendicular to the magnetic field. ‘hen 
the cyclotron frequency coincides with the oscillator frequency and 
the inequality »/o<1 is fulfilled, there must be observed a resonancé 
change in the conductivity of the plasma. The condition »v/o<1 is 
equivalent to the requirement that during the time between two suc- 
cessive collisions the particle complete at least one revolution in 
the magnetic field. Under these conditions tke half-width of the re- 
Sonne line at half-value of the conductivity is given by the rela- 
ion 


e) 


Aw /% = 1. (2 


In view of neglect in (1) of the influence of polarization fields 
arising at high densities this relation is valid only if the conditic 


= Oe me 
ee oF / OFS, (&) 


is fulfilled; here o, is the Langmuir frequenc i i 
) y of tne investigated 
particles. Nonfulfillment of this inequality leads to vartacnce of 
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the resonance line half-width with the plasma density (not to be 


confused with line broadening owing to Coulomb collisions), shift 
of the hf absorption peak into the region of nonresonance values 
of the magnetic field for the given frequency and to deviation from 


linear variation of the conductivity with density», 


Thus by means of Eqs.(1)and (2) we can on the basis of the mea- 
sured hf power absorbed in the region of cyclotron resonance deter- 
mine the collision frequency of the investigated particles in the 
plasma. The total collision cross section can then be determined 


from the value of y%. and the particle temperature obtained from an 
independent experiment. 


Experimental Results 


With a view to checking the theory underlying the proposed pro- 
cedure for the case of cyclotron resonance of electrons, in design- 
ing the experimental apparatus we insured fulfillment of the basic 
premises of (1) (Maxwellian velocity distribution of the particles, 
a not excessively high density and a wavelength A of the probing 
Signal much greater than the transverse dimensions R of the plasma 
volume). The discharge in hydrogen was excited in a Pyrex tube 12 
cm in diameter by the field of a flat plate capacitor coupled to a 
~60 watt oscillator. The oscillator frequency was 80 Mc; a constant 
magnetic field uniform to within 1% in the discharge volume was ap- 
plied at right angles to the hf electron field. We measured the hf 


power absorbed in the plasma in the region of electron cyclotron re- 


_- 


sonance at different discharge parameters. By means of calibration 
curves for the oscillator, controlled by a resistive load, the ab- 
sorption data were converted to conductivity values. 

The degree of "Maxwellization" and the 
electron temperature and density were deter- 
mined by the method of a double probe.® 

The observed variation of the resonance 
line half-width with pressure is shown in Fig. 
1; it will be seen that it is virtually linear 
which means that the electrons interacted pri- 
marily with neutral atoms. The corresponding 
effective collision frequency of the electrons 
with neutrals at the measured electron tempera- 
Dal Ga: ture (11-12 ev) is 7-109 sec-1 mm-1l Hg. whence 
Pp, ™HE the collision probability is 35 cm?/cm? at 1 mm 


a) | YA 


sFige.1. Variation of Hg, and the effective collision cross section 
the half-width of is 10°10-16 cm2. This value for the cross sec- 
the resonance peaks tion is in good agreement with the data obtain- 
for electrons with ed by other methods’. 

pressure. The described experimental arrangement 


served as the model for checking and develop- 


ing a procedure applicable to conditions of ionic cyclotron resonance 


where there is virtually always fulfilled the conditions A/R De a 


case of need to determine the electron collision cross section in 


8 em-3, the procedure must be appro- 
plasma of density greater than 10° cm™, ec 
Biately modified to insure fulfillment of inequality (3). The ef- 


fects connected with polarization of the plasma can readily be elimi- 
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; i ion ‘of the dis=— 
Dames 3° oP a emeeemnee OE EL ortronie deve! the probe 
La Sale Pabepneeeenes REL ic fields in modern equipment 
signal. The presence of strong magnetic Fieltc ar ecte! GRereranl ee 

s the second way of eliminating polarization e ; 
aes cious relating the half-width of the signal a enh Jat ee 
with collision processes for the case when A/R « 1 are g a ete 
pert et al’. The preliminary results of our CE Ree eae aye Ss 
the standard techniques for determining the dissipa io pas 
propagating in a lossy dielectric indicate that pitches a ory aia 
satisfactory agreement with theory in the frequency rang am 
to 9500 Mc. The results obtained by Schneider & Hofmann on cy 
tron resonance at 24.3 kMc in the plasma of an ACE Yate 
flame at 7.5 mm Hg are also consistent with theory. in the a , 
cited case the influence of Poe pert eae effects should be eviden 

densities exceeding 10 cn 
aabetrecth perfecting the procedure in experiments with Feehan we 
undertook an attempt to measure the total collision cross sec pine 
for thermal protons with neutral particles. he plasma in tire cane 
of a cylinder 2-2.5 cm in diameter and 25 cm in length was poe 
by a Phillips type discharge in a 5 cm diameter quartz tube. a 
constant magnetic field was applied parallel to the axis of the tube; 
perpendicular to it we applied an alternating field by means of a 
flat plate capacitor which was part of a resonance circuit coupled 
to a low power GSS-6 type oscillator. By means of appropriate cali- 
bration curves, prepared beforehand, the indicated voltage was conver- 
ted to conductivity values. The measurement circuit allowed of dir- 
ect observation on the oscillograph screen of the shape of the hf 
power absorption as a function of the magnetic field. The measure - 
ments were carried out at a frequency of 2.2 Mc; the plasma density 
was measured by standard microwave techniques .8 

To extend the applicability of the procedure into thew ee of 
higher densities, we used the technique, proposed by Stix” 2 for 
compensating the intraplasma ionic polarization field by longitudi- 
nal displacement of electronic charges from neighboring regions not 
affected by the hf field. To provide the necessary conditions the 
length of the capacitor was made shorter than the overall length of 
the plasma cylinder. 

The efficiency of the compensation processes connected with ful- 
fillment of the inequality ee et (1 is the length of the capacitor 
in cm) was checked by comparing the half-width of the resonance 
lines with monotonic increase of the particle density in the dis- 
charge from 5-107 to 1012 em-3 (K = 0.45 < 1 and K = 10439 1, res- 
pectively). In agreement with the theory of Stix4, under the con- 
ditions of our experiment ('/,/ = 8 cm) up to n 21011 cm-3 the half- 
width of the curves remained constant and the position of the reso- 
nance corresponded to exact equality of and o, in contrast to the 
results obtained in the experiments of Dubowojll, where measures to 
eliminate polarization were not undertaken and where the effect of 
intrinsic plasma fields began to play a predominant role at K = 

5 
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ve The pressure dependence of the colli- 
| Sion frequency obtained in the absence of 
polarization effects from the corresponding 
values of the resonance line half-width is 
Shown in Fig.2. At pressures greater than 
4-10-“ mm Hg the collision frequency of 
thermal H+ ions with the neutral component 
of the plasma is 1.3-108 sec-1 mm-l Hg. 
The corresponding value of the collision 
probability for ion velocities at the ope- 
0? $ 0? 15192 rating temperature of the tube, namely, 
, st Se p, mm Hg 330°K (in discharges with a low degree of 
Fig.2. Variation of the ionization such as ours the ion tempera- 
proton-neutral particle ture may be taken equal to the temperature 
collision frequency with of the neutral particles) is 550 em2/em3 
pressure. at 1 mm Hg and the collision cross section 
is 155-10-16 cm2. 

It is difficult at present to discriminate between the two pro- 
cesses competing under the conditions of our experiments: scattering 
of the ions by neutral particles and resonance charge exchange be- 
tween them; the ratio between the numbers of atomic and molecular 
ions under our conditions is not known. However, rather arbitrary 
extrapolation of the proton-neutral particle interaction cross sec- 
tion values obtained by Dalgarno & Yadav! into the region of ther- 
mal energies leads to values of the same order of magnitude as those 
obtained in our experiments. 

To determine the influence of the ion energy on the magnitude of 
the cross section for interaction of the ions with neutral particles 
the intensity of the hf field was increased to the value at which 
the energy acquired by the particles as a result of interaction with 
the alternating field begins to exceed the thermal energy. The ad- 
ditional energy acquired by the particles was evaluated by means of 
‘the formulas developed by Amoignon & Rommell3 in working with omega- 
tron type mass spectrometers. The values of the field strength and 
the time between "Start" and "finish", equal to the time between two 
Successive interactions, were taken directly from experiment. Our 
preliminary measurements and calculations indicate that the ion-neu- 
tral particle collision frequency increases in proportion to the ion 
velocity in the energy range between thermal, corresponding to room 
temperature, and the value exceeding this by a factor of 4-5. It 
would appear therefore that the interaction cross section remains 
constant in the investigated energy interval. 

In conclusion, we want to note that the presence of high noise 
levels characteristic of dense plasmas leads to a sharp increase in 
the interaction cross section for electrons and ions in the gas dis- 
charge so that in measuring "nure'" cross sections this effect must 
be rigorously controlled. 


Conclusions 


The results of experimental investigations of the properties of 
plasma with a high concentration of charged particles cannot be ade- 
quately described by any theory taking into account only pair colli- 
sions. Strong intraplasma fields connected with macroscopic charges 


- 1024 - 


and currents in dense plasmas lead to the appearance of new interac-~ 
tion mechanisms , mechanisms which in some cases may play a predomi- 
nant role. Such processes can be investigated only in plasmas of 
sufficiently high concentration, i.e., in the range of concentra-— 
tions where the methods of investigating interactions now available 
to experimenters become inapplicable. 

On the basis of our preliminary results it may be asserted that 
the proposed procedure can be used for measuring particle “nterac— 
tion cross sections in plasmas having densities from 106 to 1014 
cm-3. When used for measuring the collision cross sections of elec= 
trons in a gas discharge in a magnetic field the procedure yields 
correct results. In the future it would be desirable to improve the 
procedure to make possible simultaneous measurements of the collision: 
frequency and the electron density. In view of the possible presence: 
of impurities in Phillips type discharges (impurities connected with 
cathode sputtering of the electrodes), we cannot claim that our Cross! 
section data for the interaction of protons with neutral particles 
are particularly accurate; we have presented these data primarily to 
demonstrate the potentialities of the procedure. 
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PRESENT STATE OF BETA-DECAY THEORY 
- V.A,. Lyubimov 


I. Fundamental Qualitative Results 
eee tative nesults 


abe Parity nonconservation in B-decay 


Although the study of B-decay goes back several decades, the present concepts 
are radically different from those held prior to 1957. In the two years following 
the experimental confirmation of parity nonconservation in B-decay a number of 
brilliant theoretical and experimental investigations led to the creation of a 
theory of weak interactions, with B-decay as one example of this larger class of 
phenomena. The remarkable success in this field is explained not so much by pro- 
gress in the development of experimental methods, as by the liberating influence 
that the elementary fact - violation of a basic conservation law - exercised on 
the minds and hands of investigators. 

The puzzling question is often asked: why was the experiment that led to dis- 
covery of nonconservation of parity not performed ten or twenty years ago? 

The classical theory of B-decay is based on the assumption that the inter- 
action Hamiltonian must be invariant with respect to the several transformations 
characterizing the properties of space-time: Lorentz transformations, space in- 
version, time reversal and charge conjugation. In consequence of these require- 
ments the old theory contained no expressions dependent on nonconservation of 
parity. It was possible to question the specific form of the theory, but it ves 
have been strange to doubt the validity of any of the conservation laws upon whic 
it was based. For this reason an experiment of the type performed by Wu et al 
would have appeared pointless even five years ago. 7 

Were it not for developments in other fields of physics, consistent ches 
gation of B-decay within the framework of the old concepts would not have rte re) 
the necessity of renouncing parity conservation. ae the Sanya eae os sh 

= he tau-theta puzzle 
dictions in the properties of K-mesons (t a 
sity of hypothesizing parity ALAS ae Sagi in weak see taeareh ay tee Be 
edicted a whole serie ? 
sis was introduced by Lee and Yang,~ who pr atone 
the B-decay of polarized nuclei. p 
in particular, angular asymmetry in 3 > i ener 
iment of Wu et al. This tes Pp 
menon was quickly discovered in the exper : eae an 
i 1t of the experiment, namely, an asymm 
ally convincing because the very resu as pied at 
d antiparallel to the nuc po 
ber of electrons emitted parallel an 
ces. not invariant with respect to space inversion and demonstrates parity 
: tions. 
ation without any theoretical assump 
Bch ccuitant changes in our conceptions of space and time patheepemaari ies 
reconsideration of the fundamental assumptions of  nateta pene rye oe ten 
as the old interaction Hamiltonian represented a coh eae polrivelconiee 
istically invariant interaction types, casi be eta Rte ae baie ean Ges 
a 
ling constants, now ae Diente etier car pean pot te nedesuniteernatante 
; ent parity nonco ° out 
“age Benoral pelcraatas: since a priori we are not able to say anything ab 
time reversal. 
erica ed thea new point of view, the Base teres ate keeecnipeee oy ee 
: heory with twenty unkno 
eters. Naturally, a t 
twenty unknown param Hence the task of the experimenters lies in quantitative 
is far from complete. nd that of the theoreticians, in the elabora- 
determination of these a Marti Re he eee te varetrediced* to's elugle one: 
: ey ane essentiall 
nasi euarge” ct the weak interactions. This comprehensive program has Mh 


- 1032 - 


i111 discuss only 
been realized in the course of the past few years. Below we w 
the most significant experimental and theoretical investigations which, step by 
step, have led to the present understanding of B-decay and weak interactions. 


26 Longitudinal polarization of electrons. The two-component electron 


in B=decay. 


Naturally, with the increase in the number of B-interaction constants there 
is a corresponding enlargement of the class of phenomena which permit determina- 
tion of these constants (experiments with polarized particles involved in weak 
interactions). One of these effects is the appearance of longitudinally polar- 
ized electrons in B-decay, predicted by Landau. 3 

The first experiments which measured the longitudinal polarization of B- 
electrons were performed soon after the discovery of parity nonconservation, al- 
most simultaneously by American® and Soviet? »& physicists. 

These experiments showed that the B-electrons are polarized antiparallel to 
their motion. Soon Deutsch? demonstrated that the positrons are polarized paral- 
lel to their motion. Further, it was shown by many experimenters that in allowed 
transitions and, what is particularly significant, in first forbidden Coulomb 
transitions® the electron polarization is equal to 2/c to within 2-5%. This is 
a necessary and sufficient condition that the coupling constants satisfy the re- 
lations 


CR= Ci nOy C4, Cg 10 spCR=2SCer CRE Gs, (1) 


where the primed (unprimed) constants depend (do not depend) on parity nonconser- 
vation. Thus the results of these experiments reduce by exactly one-half the num-: 
ber of independent B-interaction constants. 

It is interesting to note that under these conditions (1) the electron enters: 
into the B-interaction only through two components, a circumstance that is very 
important where the new theory is concerned. Actually, in the case of nonconser- 
vation of parity the B-decay Hamiltonian can be written in the general form 


> (¥,0.¥p) (Es (Ca = ve0) O.¥.), 


where the O, are interaction operators and the YV are four-component wave functions 
for the neutron, proton, neutrino and electron. Assuming that the coupling con- 
stants satisfy conditions (1) and noting that (1+ 7;)0.=0.(1+7;) for S, T and 


P interaction and (1—y7;)0.=0.(1+7;) for A and V interaction, we obtain for the 
interaction Hamiltonian 


> Cal PrOa¥p) (YO. (1 + s) W.). 
a 
We see that the electron wave function enters in the combination (1+ 715) Ve, 
which is a formal expression of the fact that the electron appears in the B-inter- 
action as a two-component quantity. 
After the establishment of relations (1) it became possible to distinguish 
among an extensive class of phenomena a minimum number of "key" effects depending 
only on six independent combinations of coupling constants and matrix elements, 


effects, investigation of which would permit complete determination of all the 
B-interaction constants: 9 
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1) No=(\CsP+|CvP)| Mr P+ (\CrP+|CaP)| Mer: 


2) Ny = — diy (Cr P+ | Ca [)| Mer |? — 2,5 aq X Re (CsCr+ CyCa) MrMor 


3) Ns= (Cv? —|€sP)| Mr P+ 35(|Cr > —|Ca *)| Mor [ (2) 
2 
4) Ng = 28; V eq Im (Cy, — CsC1) Mp Mer 


5) Ny = — Ajy ( 


Cr)’—|Ca))| Mor P+ 2857 et X Re (CsCr — Cy C's) MrMGr 


6) Ng = 26; yes Im (CyC4-++ CsCr) MpMor. 


The quantity N, defines the total probability for B-decay; N3, the angular e—v 
correlation; N,, the angular distribution of the electrons in the decay of ori- 
ented nuclei; Ny, the angular distribution of the neutrinos in B-decay of orient- 
ed nuclei. WNW, can be measured by studying the asymmetry in the distribution of 
recoil nuclei relative to the plane through the direction of the electron momentum 
and the nuclear spin. Finally, the coefficient N, can be determined by experi- 
ments on the decay of oriented nuclei in which the measurements include, in addi- 
tion to the direction of the emitted electron, either the polarization of the re- 
coil nucleus or the direction of the y-ray from the following y-transition. 

At present all these combinations have been studied experimentally. 


3. Two-component neutrino theory 


Following the work of Lee & Yang on parity nonconservation in weak inter- 
actions, the two-component neutrino theory was elaborated by Landau3, SalamlO, 
and Lee & Yangll, 

Back in 1929 Wey112 noted that for spin 1/2 particles with zero rest mass 
the Dirac equation degenerates into two equations which are satisfied by two- 
component wave functions. However, these equations are not invariant with respect 
to space inversion and hence no physical meaning was ascribed to them. With the 
knowledge that parity is not conserved in weak interactions there is no longer 
any objection to the hypothesis that the neutrino is described by one of the two 
equations: 


- OM = 
EY bee opp 
or 
Dip ee ee 
CY ae Spx, 
where p = = iyiionare the Pauli spin matrices, and ¢ and y are two-component wave 
functions. 


In the two-component theory the neutrino ought to be completely polarized 
relative to its momentum direction; further, the neutrino and antineutrino should 
have opposite polarizations. Precisely which direction of polarization the neutri- 
no actually has in Nature (right- or left-handed helicity) only experiment can de- 
termine. The wave function of the two-component neutrino must enter the interac- 
tion Hamiltonian in the form (1 + Ys) Pye This implies that the following relations 


must obtain between the coupling constants: 
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C, =C,, if the neutrino has left helicity, we 


and 
C, =—C,, if the neutrino has right helicity. 


If we take into account the conditions (1), corresponding to the two-compo- 
nent electron, we find that the two-component neutrino theory is tenable only 
provided the B-interaction is either solely A and V (left-handed neutrino) or 
solely S, T and P (right-handed neutrino). 

Thus to provide evidence for the two-component neutrino theory one can either’ 
directly measure the neutrino polarization or show that only certain definite in- 
teraction types are evinced in B-decay. 

The neutrino polarization was measured by Goldhaber et all3, In this ex- 
periment the direction of flight of the neutrino from K-capture in Eul52m was 
determined by resonance absorption of the y-rays, and the neutrino polarization 
by measurement of the circular polarization of the 7-rays. The experiment showed 
that the neutrino is polarized antiparallel to its motion. On the other hand, 
in a number of 8-Y angular correlation studiest4-16 involving different techniques | 
it was demonstrated that the A and V forms of interaction are realized in B-decay. 

The two-component neutrino theory can also be checked by measurement of the 
cross-section for the capture of antineutrinos by protons, a process which is the 
reverse of B-decay. Because the two-component theory places one-half of all the 
neutrinos in a given state, while the four-component theory only one-quarter, the 
theoretical cross-section in the first case is twice as large as in the second. 

An experiment of this nature was performed by Reines and Cowan.17 The observed 
cross-section, averaged over the neutrino energy, 0 = (11.0 + 2.6) °10744 cm?, 
agrees with the two-component theory. 


4. Universal theory of the interaction of four fermions 
(Feynman & Gell-Mannl®8 and Marshak & Sudarshanl9) 

The experimental proof of the two-component character of the electron in B- 
decay and confirmation of the elegant two-component neutrino theory allow us to 
attempt a further generalization: we hypothesize that all particles appear in the 
B-interaction solely in the two-component form. This implies additional condi- 
tions and leads to an equality between the vector and axial-vector interaction 


constants: |C,|=|C,j|. The interaction Hamiltonian assumes the simple symmetric 
form: 


2Ca [Wn (4 Ys) On (1 15) Vo] (Ws (1 — 15) Oa (4 + Ys) Vel} = (Wn Yu (4 Ys) Vp) (Lv ru (1 + 75) Ve) 


with a single constant; the "charge" of the weak interaction. 

The choice of sign between the A and V interaction constants can be deter- 
mined only by experiment, for the proton helicity is unknown a priori. Studies 
of the angular correlation of electrons and protons from the decay of polarized 
neutrons by Burgy et a1 20 show that the A and V interaction constants have Ooppo- 
site signs. 

The second statement of the theory is that all weak processes have the uni- 
versal form of the interaction of four fermions with a single constant G: 


G (Ayu (1 + Ys) B) (Cra (4 + Ys) D), 


where strange particles, e.g., (A°, p) enter on an e 
» CoB : qual footing with the 
pairs (p, n), (¥,e) and (¥, 1). % Pa, 
The great success of the theory is that it satisfactoril 
y explains the non- 
conservation of parity also in those processes in which the leptons are not present 
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ET oe aoe ahaa in the universal theory all particles 
ere NS anion a ; r wave functions enter the Hamiltonian in the 
5) ft, S$ non-invariant with respect to space inversion, and thus 
they lead to parity violation in weak interactions. 
7 hevedegbdeneradccrthtne Fein universal theory is the very near equality of 
nteraction constant in B-decay. The close equali- 
ty (within 5%) was, however, not an obvious consequence, since the B-decay constant 
could be renormalized due to the strong interactions (the (n, p) part). Hence the 
third assumption of the universal theory is that the vector interaction constant 
is not renormalized. ts tae ee ee ee 
This assumption is based on a profound analogy with quantum electrodynamics. 
There the electromagnetic interaction is such that the strong interactions do not 
influence the value of the electric charge. This property is a consequence of 
conservation of the electric current for arbitrary charged particles. 
From the vector part of the weak interaction Hamiltonian one can construct 
an expression, analogous to the electric current; the assumption that this weak 
interaction vector current is conserved leads to the universal nature of the vec- 
tor interaction constant.* On the contrary, from the axial-vector part of the 
interaction Hamiltonian one cannot obtain conservation of current; hence the con- 
stant C, must be renormalized in B-decay. This is confirmed by experiment: pre- 
cise measurements of the neutron lifetime by Spivak et al22 yielded C,= 
= —(1.24 + 0.04) Cy. 
Strictly speaking, the necessity of renormalizing the constant C,in B-decay 
casts doubt on the uniqueness of the choice, V - A, deduced from the experiment 
of Burgy et al20 on the decay of polarized neutrons, for in principle strong inter- 
action could lead to a change in the sign of C,. However, from the helicity of 
the positron in ut-decay , 23 where there is no strong interaction renormalization, 
it follows that the A and V interaction constants have opposite signs. 


5. Symmet transformations. Time reversal. 


Up to this point we have considered solely the consequences of parity non- 
conservation in the weak interactions. Now we turn to experimental tests of other 
symmetry transformations: charge conjugation (charge parity) and time reversal 
(time parity). 

Already from the experiment of Wu et al2 it followed that along with parity, 
charge conjugation invariance was violated.24 For a proof of time reversal invari- 
ance it is necessary to show that the coupling constants in the interaction Hamil- 
tonian are real numbers.** Thus a test of time reversal invariance is possible 
in those experiments which depend on the combination 


ee Ng. a Im Cy Ca My Mer, 


containing the imaginary part of the interaction constants. The degree of time 
reversal violation is conveniently characterized by the phase between the A and 


V constants: 


*The first to call attention to this were Gershtein and Zel'dovich. 21 | 
*kEven before the experimental discovery of parity nonconservation in B-decay 
Landau? proposed that all interactions are invariant under the combined suis, poe’ 
namely, simultaneous application of space inversion and charge conjugation. : 
follows from the Pauli-Liiders theoren, conservation of combined parity is equ va> 


lent to time reversal invariance. 
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Cy = Gy and Ca Soe Oe 


where the G's are real. 
According to (2) it is necessary, in experiments containing combinations of 


N,or N, to measure three vectors: 

a) The triad I,, I, and P,: the polarization direction of the nucleus before 
and after B-decay, and the direction of the electron momentum. This combination 
is studied by measurements of B-y angular correlation in the decay of polarized 
nuclei. The results of experiments with polarized Mn52 give26 


135° < @ < 250°. 


b) The triad I,, P. and P,. Studying the decay of polarized neutrons, Burgy 
et al20 detected electrons and recoil protons at right angles. The number of co- 
incidences was found to be independent of the neutron polarization direction; 
hence it follows that 


p = (18048) °. 


c) If the Fermi nuclear matrix element is known, time reversal invariance 
can also be tested by comparing the real part of the ratio of the constants with 
the absolute value of the ratio. In this case the real part can be determined, 
for example, from the angular distribution of the electrons in the B-decay of 
oriented nuclei: 2 


2 i] * *x ee 
nN, da |Ca PMar— 265% Y ; # I Re[CyC4M pM Gr — Ajy| X P— 285, V; : Rex 
No Z 


| Cy |2M2 +) Cy [2M2p - ieP Per 
and the absolute value from the total probability for A-decay: 


Ny =|CvPMr (1 +|X/). 
aot Cy Mop 1 ' 
Here X = O, yt? Cv = G, where G is the constant of the universal four-fermion weak 
F 
interaction. The value of G= (1.40+0.01) erg cm~2 is known from the ft value 
for positron decay of 014 (O+t->0+ transition). Hence we find 


Cy My 


The Fermi matrix element can be calculated from transitions in light nuclei 
in which isotopic spin does not change. Examples of nuclei which would serve are 
A124, p28, c132 and Sc40, In these cases it would be very important to study the 
B-y correlation along with the measurement of the circular polarization of the y- 
rays (N,/N, combination) and obtain more accurate ft values (JV, combination). 

In the case of the neutron, where the matrix elements are known, the combina- 
tion N,/N, was determined by Burgy et al20 and N, by Spivak et al22, who measured 
the neutron lifetime. From these data it follows that @ = (177+6)°. 

d) In calculations of the shape of the B-spectrum, the electron polarization 
and other phenomena to higher orders in the perturbation expansion, terms appear 
which depend on the imaginary part of the coupling constant. Thus investigation 
of anomalies in the shape of the B-spectrum or electron polarization may in some 
cases enable us to judge of time reversal invariance. An example of this is B- 
decay of Bi210 (RaE). Measurement of the B-spectrum shape leads to @ = (180+7)°, 


LX |? — (Re X)?= (Im X)? = (1m Ca a : 


~ 
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while the deviation of the electron polarization from 2v/c implies 9 = (178.542.5)°. 
We will consider this case in greater detail below. 


II. Higher Order Effects 


Pees ecn ten re a pane conclusions of present-day B-decay 
BP eerter ts cei calthough ae Skil However, in most cases the tests were 
ans ’ ed s. era crucial experiments , determining the true 

» yielded definitive, yes-or-no results. Naturally, the next 
stage in testing the theory must be quantitative. 

The fundamental results of B-decay theory are the following: 

1. In allowed transitions the B-spectrum has the Fermi shape. 

2. The electrons are fully polarized, the polarization being equal to v/c, 

3. The neutrino is described by a two-component field (A and V interaction). 

4. The vector interaction constant is not renormalized. 

5. Time reversal invariance holds. 

But what if more precise measurements were to show that in some cases, say, 
the B-spectrum for allowed transitions differs from the Fermi shape or that the 
electron polarization is not equal to vic? Would this mean the theory is wrong? 
Not necessarily; not in all cases. Moreover, for some phenomena the very absence 
of such deviations would more strongly contradict the theory than the appearance 
of such anomalies. The point is that hitherto we have considered the deductions 
from the theory qualitatively, that is to say, in the first approximation. If 
the calculations are extended to a higher degree of accuracy, taking into account 
small but, in principle, real effects, the internal logic of the theory should 
lead to the appearance of certain deviations from the "normal", so that observa- 
tion of such "anomalies" may well be the next important stage in the confirmation 
of the theory. 


1. Gell-Mann's theory of weak magnetism? 


As we already mentioned, the analogy between the vector part of weak inter- 
action and electromagnetic interaction proved extremely fruitful. Extending this 
analogy, we can write an expression for a B-interaction identical in form to the 
electromagnetic interaction of a current with a field. Special interest is associ- 
ated with the application of this idea to the calculation of first order terms in 
B-interaction. For example, in the case of the 1+t-»0t 6-transition, axial-vector 
interaction is allowed by the selection rules. However, we can include here also 
vector interaction in the next higher order, allowed by the selection rules. 

Such a vector interaction, by analogy with electromagnetic interaction, is 
magnetic dipole interaction: 


= Hiv LAN a {vx (eta (4 + Y5)y)]e 


where p is the magnetic moment of the transition. 
Just as the interaction of electric charges leads to the appearance of a mag- 
netic field, so in allowed axial-vector interactions there appears a vector part, 


which may be likened to weak magnetism. 
Inclusion of the weak magnetism leads, for example, to a deviation of the 


B-spectrum from the Fermi shape by a factor 


(1+ Zak). 
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The matrix element in the correction coefficient a can be calculated from the 
magnetic y-transition matrix element in an isobaric nucleus, provided the 8- 
transition occurs between levels with the same parity and isotopic spin values as_ 


in the y-transition. Thus 
gine t: | ea 
) BY B., (ft) ox 


(T, is the width and E, is the energy of the y-transition; H is the energy of 
the B-electron.) The sign of the coefficient can be found from the relation 


i Hy — Un ee 
24M  '“-m 


(u, is the magnetic moment of the proton and u, the moment of the neutron) . 

We do not as yet have a full experimental test of these deductions, that is, 
determination of the B-spectrum shape and simultaneous measurement of the proba- 
bility for the corresponding y-transition. 

For the triad N12—sc12-»pl2 there are data on the y-radiation width but none 
on the shape of the 8-spectrun. 

Daniel28 observed a deviation from the allowed B-spectrum shape in p32 amount- 
ing to ~10% near the end of the spectrum. However, the sign and magnitude of the 


deviation Grae do not agree with the above estimate (see below). 


Weak magnetism also affects B-y angular correlation, where it leads to aniso- 
tropy even in allowed transitions. Bohemn et al29 observed B-y asymmetry (@.,, = 
= +0.94+0.28%) in the decay of F20, Evaluation of the effect due to weak magnet- 
ism gives a ++ 0.45%. 

We must add, however, that in all cases investigated to date the observed 
deviations may be the result of collateral effects (such as nucleon motion in the 
nucleus, axial-vector interaction of higher order, etc.). Therefore the question 
of the experimental confirmation of weak magnetism remains open. 


2. Deviation of the B-spectrum from the Fermi shape and deviation 
of the electron polarization from zc 
reise ea te ee ene 


RaE. The most convincing case of a deviation of the electron polarization 
from 2/c is that of B-decay of RaE. The results of measurements by several groups 
(Refs.30-33) give a value of approximately -0.7 vic - 

Although RaE undergoes a first forbidden’Coulomb transition (1--0*F) , its 
B-spectrum is significantly different from the Fermi shape characteristic of all 
other known allowed transitions and first forbidden Coulomb transitions. Yamada >4 
and others35 found a satisfactory explanation by considering the change of the 
electron wave function in the field of the nucleus. They showed that for several 
important matrix elements interference in the expression for the ®-decay proba- 
bility can lead to a cancelling of the leading terms (which depend weakly on ener- 
gy), so that higher order terms in the expansion, which depend strongly on energy, 
begin to play an important role. This then permits a theoretical reproduction 
of the experimentally observed B-spectrunm. 

Lewis36, and also Fujita et a137, called attention to the fact that in this 
case the spectrum shape is sensitive to possible violation of time reversal in- 
variance. Indeed, this sensitivity is so great that it is possible to explain 


the experimental shape by invoking only a very small degree of time reversal 
violation. 


re | 


es 
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¢ 
Within Yamada's theoretical framework Geshkenbein, Rudnik & Nemirovskaya%® 


and others?9 ‘ 


» Showed that in the event of agreement of the B-spectrum with experi- 
ment, the electron polarization actually ought to differ from v/c and lie in a 
narrow interval, which in fact includes experimental value. 
Thus the discovery of the electron polarization deviation finds its explana- 
tion in the theory which at the same time explains the anomaly in the spectrum 
shape. The close agreement between the experimental and theoretical values for 
the electron polarization in RaE is a strong argument in favor of the theory of 
Yamada et al, and, consequently, in the conclusions of Lewis and others, that time 
reversal invariance holds to great accuracy. / 
Geshkenbein et al38 studied the effect on electron polarization of a possible 


violation of time reversal invariance, since measurements giving the dependence of 
the polarization on electron energy in principle allow a more precise estimate of 
the degree of violation. 


Data on the RaE polarization energy dependence obtained by the group at the 
Institute for Theoretical and Experimental Physics40 lead to the conclusion that 
time reversal invariance holds to great accuracy: 


@ = (178+2.5)°. 


p32, Recently Spivak et al4l made precise measurements of the electron 
polarization in a number of elements and found small deviations from v/c. The 
most serious case is that of p32, for in this case the B-transition is allowed. 

Geshkenbein and Rudnik4? found a satisfactory explanation of this. As we 
mentioned above in connection with weak magnetism, the p32 8-spectrum differs from 
the Fermi shape because the ft value for P32 is large. This means that the Gamow- 
Teller matrix element (1+-—»0t transition) is unusually small for an allowed transi- 
tion; therefore higher order terms, allowed by the selection rules, play a signi- 
ficant role in the decay probability. Among such terms are the vector interaction 
(weak magnetism) and the second forbidden Gamow-Teller tern. 

By way of major pupplenent ary, term there was considered the second forbidden 
term. In the case of P identical formulas are obtained42 both for the B-spectrum 
and for the electron polarization: 


c(E)=(1-+7)3 
o(E) =—(1—7) >. (4) 


c 
From the B-spectrum deviation it follows that a = 0.1. Consequently, a 340 kev 
electron ought to have a polarization equal to -0.94 vic, which agrees with the 
value measured by Spivak et al4l, namely, Sexp = -(0.94+0.04) o/c. 

Equations (4) are of fundamental significance, for they relate deviations 
in the B-spectrum with deviations in the degree of polarization. Undoubtedly, 
qualitatively such relations hold not only for allowed transitions but in general 
for arbitrary transitions. 

Aul98, Polarization anomalies for low energy (~100 kev) electrons in gold 
were observed long ago by several groups.* On the other hand, a number of experi- 
ments? ? 5 showed that for energies of ~400 kev the polarization is complete. One 
might think that here we have contradictory experimental results. Alikhanov et 
a146 measured the electron polarization at several energies and showed both by ab- 
solute and by relative measurements (relative to the polarization of the electrons 
from Tm!79) that for energies >300 kev polarization is indeed complete C0 22 
yic),. while for 100 kev the value is -0.83+0.05 vie. However, other measurements 

*Notably in the work of A.1.Alikhanov, G.P.Eliseev and v.A.Lyubimov; also see 


Refs.43 & 44. 


- 1040 - 


show that the B-spectrum deviates from the Fermi shape in the low energy region 
(<250 kev) but agrees for higher energies. This serves to explain, at least 
qualitatively, why the electron polarization for Aul98 is anomalous in the low 
energy region. 


3. Equality of the coupling constants in different weak interactions 
aed: Nand alii icin Attael “crore ~ talaonootd ess acest i teshasbaltncomcdtls Lach ie sens soh eee Sa 


First of all we must determine what is meant by "equality of the coupling 
constants" (say, C4 =Cy) in the universal four-fermion interaction. The fact 
that the axial-vector interaction is renormalized as a result of the strong inter- 
actions indicates that by equality of the constants we should understand equality 
of the "bare'’ charges (constants), not perturbed by any additional interactions. 

The hypothesis of the conserved vector current in the weak interactions, 
which precludes changes due to strong interaction renormalization, still does not 
imply that the constant Cy remains unaltered despite possible electromagnetic and 
weak interactions. Thus a comparison of the constant Cy in B-decay with that in 
uU-decay ought to make allowance for radiative corrections, as regards both elec- 
tromagnetic and the weak interactions. First order electromagnetic radiative cor- 
rections to the constants for w- and B-decay were calculated by Kinoshita and Sir- 
1in48 and Berman?9, 

In u-decay the correction leads to a 0.4% increase in the meson lifetime. 

In B-decay the radiative correction is divergent; the correction cannot be 
calculated exactly and requires a cut-off parameter. If the cut-off is taken 
equal to the nucleon mass, the radiative correction leads to a reduction in the 
lifetime of 014 by 1.7%. From this it follows that G= 1.40+0.01 erg cm72, and 
the corrected H-meson lifetime T,, = (2.3140.05) usec. The latest measurements, 
by Lundby et a150, give T, exp = (2.215+0.017) usec. Thus there is some differ- 
ence (~5%) between the u- and B-decay constants.* But, as we already mentioned, 
along with electromagnetic corrections to the weak interactions, one ought to in- 
clude radiative corrections due to the weak interactions themselves. In order to 
estimate these corrections we must first examine the structure of weak interactions) 


III. Structure of the Weak Interactions. Limits to the Applicability of the 
Universal Four-Fermion Interaction Theory 


As we indicated above, the universal interaction has the form 
C (Aru (1 + Ys) B) (Cra (4 + ¥5) D); (5) 


this has been substantiated by numerous experiments. We ask, is this a rigorous 
expression for the weak interactions, or is it an approximation, valid only for 
low energies? 


At present there are two ways of describing the weak interactions, to which 
we now turn. 


1. Fermion interaction through an intermediate vector boson, 
TD Doma od ima eee nn ac a TS eeeeSraS ess eRrevlse peat tasniaenpess Pushes asnSuneneasnanaSonsn-eusenmseesaieetenmsoeini: alien an 


Analogy with electrodynamics can help us to write a more general expression 

*Apparently, this difference cannot be explained as an error in calculating 
the radiative correction in B-decay, for any increase in the cut-off value would 
lead to still greater disagreement between the constants. 
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Fig.1. Diagram of p>e+v+v Fig.2. Diagram of Fig.3. Point interaction 
decay via a vector boson. wB—-e+y decay. of four fermions. 


for the interaction of four fermions. Electrodynamic interactions proceed by the 
emission and absorption of photons by charged particles. We may describe the weak 
interactions in a similar fashion: a fermion pair - current - emits a weak inter- 
action quantum, which then decays into some appropriate fermion pair, e.g., (p,”), 
(ve), (yt) or (A°p). An interaction of this type is diagramed in Fig.l. 

Generally the quantum of the interaction is taken to be charged: a vector 
boson. The mass of this particle must be great. If this were not so, then in 
interaction with fermions the boson would suffer recoil; for low energies we would 
not have the form of the fermion interaction given by Eq.(5) and confirmed by ex- 
periment. Since in this theory the weak interactions proceed by two steps - 
creation of the vector boson and its subsequent decay - then between the constant 
which couples the vector boson to the fermion current and the coupling constant 
of the weak interactions there must be a relation of the form 


gos is G (6) 
My 


where M, is the mass of the vector boson, g is dimensionless, and G has the di- 
mensions M-? (h =c = 1). Although this theory is very attractive in its original 
form, it is in conflict with experiment. 

If the interaction takes place via a vector boson, then p-decay with no neu- 
trino emission is possible (Fig.2): the neutrino and antineutrino annihilate, 
while the boson emits a photon. The probability for such a process can be calcu- 
lated and represents 1074 of the total w-decays. However, it has been experiment- 
ally established5! that the probability for the t—- e+ ¥ decay is less than 1076 
of the normal probability. 

Pontecorvo?2 advanced the hypothesis that the neutrino which appears in the 
pair with the y-meson is not equivalent to the neutrino in the electron pair. 

In this case the annihilation Vu + Ve as portrayed in Fig.2 is not possible, and 
the decay pe + y is forbidden. Thus interaction through an intermediate boson 
remains possible. Pontecorvo's hypothesis contradicts neither the universal 
theory of weak interactions nor experiment; however, if the helicities of v, and 
vy, turn out to be identical, experimental confirmation of this hypothesis will be 
difficult. 

The idea°? has been advanced that the analogy between the weak interactions 
and electrodynamics is not fortuitous but has a physical basis, including the 
consequence that the vector boson coupling constant is precisely equal to the 
charge of the electromagnetic interaction: e* (e? = 1/137 dimensionless). In this 
event it follows from Eq. (6) that the mass of the vector boson ought to be ap- 


proximately 100 times greater than the nucleon mass. 
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2. Direct interaction of four fermions 


On the other hand, one can assume that the four fermions interact directly 
with one another (Fig.3) and that the Hamiltonian (5) rigorously describes the 
interaction. The question arises: does this form of the interaction remain un- 
altered as one goes to higher energies, and if not, up to what energies is it 
valid? 

Weak interactions of higher order ought to be proportional to the energy 
raised to some power determined by the interaction order. This can be seen from 
dimensional considerations, since the constant G, which is the expansion para- 
meter, has the dimensions M-?. From this follows a very important basic conclu- 
sion: the radiative corrections to the weak interactions will diverge. No matter 
how small the constant G, in those virtual processes in which only weakly inter- 
acting particles take part, arbitrarily large values of the energy are possible 
(e.g, in (uv) (ev) interactions), so that the expansion parameter of the energy 
and coupling constant combined becomes greater than unity. This means°* that the 
energy of the interaction must be limited so that the maximum of GA?*, where A is 
a cut-off parameter, is less than unity. Hence the form (5) of the interaction 
is not accurate; it is valid only in the region of energies less than A. 

Several experiments permit one to determine the upper limit to the applica- 
bility of this weak interaction theory. In particular, the limit can be inferred 
from the decay ut-»e+ y (A< 50 Bev) and from the difference between the con- 
stants for u- and B-decay, which we mentioned earlier. If we accept that this 
difference is determined by the radiative corrections to the weak interaction in 
u-decay (since in B-decay the corrections are small), then according to calcula- 
tions by Ioffe, C2 
= 1 — 2V 2G. A2/n?, 


2 
Con 


From this we obtain the upper bound for the cut-off: 
AX 120 Bev. 


We note that this estimate holds even if there are two different neutrinos: 
“electron” and "muon" neutrinos. Therefore a more accurate determination of the 
agreement between the H- and B-decay constants would permit one to exclude the 
hypothesis of the heavy (mass ~100 nucleon masses) vector boson. 

I desire to express my gratitude to A.I.Alikhanov for valuable comments and 
to B.L. Ioffe for discussion of several questions. 
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INVESTIGATION OF THE FINE STRUCTURE OF ALPHA-RADIATION FROM U234 AND u235 
- S.A.Baranov, A.G.Zelenkov & V.M.Kulakov 


We investigated the fine structure of the Q-spectrum of uranium 234 and urani- 
um 235 by means of the large double focusing magnetic spectrometer described in 
Refs. 1 & 2. The difficulty inherent in such investigations stems from the long 
period of U 35 (7.1-108 years) and the complexity of the Q-spectrum. Hence detail- 
ed data on the Q-decay of these uranium isotopes can be obtained only with the aid 
of an instrument with high luminosity and good resolution. 

The source was enriched in U235 and prepared by vacuum evaporation. The thick- 
ness of the active layer was ~10 ug/em2, With an effective source area of 3 to 5 
em? the apparatus line half-width did not exceed 6 to 7 kev. Several exposures 
with a total duration of about 700 hours were necessary to investigate the rela- 
tively broad region covered (~650 kev). The spectrograph was calibrated in energy 
by the usual procedure of measuring the magnetic field in the gap and the coordin- 
ates corresponding to different positions of the same Q-particle group in the focal 
plane. Such calibration in general may prove different for different energy ranges 
owing to variation of the configuration of the magnetic field with field strength. 
Hence our calibration was checked with reference to three monoenergetic Q-particle 
groups of different energies, namely, 6110 kev (Cm242), 5495 kev (Pu238) and 4768 
kev (U234). On the basis of the test results we can assert that the calibration 
of our instrument remained constant within ~l kev in the energy range from 4650 to 
6400 kev and can be described by the following formula 


E = Ey(1 + 2.28,-10-4 + 0.2,-107? 2), 


where EF, is the energy of the particles moving along the central orbit, and « is 
the distance in mm measured along the photographic plates from the point of inter- 
section of the focal plane with a circle of radius Q- 

In view of the fact that the calibration remains constant in a relatively wide 
energy range gives reason to infer that it remains the same in the energy interval 
involved in the present investigation, namely, from 4150 to 4800 kev. 

By way of "standard" we used the U234 q-particle group corresponding to the 
transition to the ground state of Th230 (Eq = 4768 kev). In the Q-spectrum of 
u234 (Fig.1 and Table 1) we observed the three known groups corresponding to trans- 
itions to the rotational levels of Th230 (0+, 2+ and 4+). This is the first time 
the transition to the 4+ level has been observed by means of a magnetic spectro- 
meter. Our values for the energies and relative intensities of these three groups 
are in good agreement with the results of other investigations3~§. 

The results of investigation of the fine structure of Q-decay of U235 are 
shown in Figs.1, 2 & 3 and Table 2. We identified 13 groups of Q-particles in the 
spectrum of y235, Our results are not in conflict with the data of Chiorso’ and 
Vorob'ev et a8, who studied the Q-activity by means of ionization chambers. How- 

ever, our results do differ substantially as regards 


Table 1 intensities and energies from the data of Pilger et 
Fine structure of the U234 a19-11. The most serious divergence obtains for the 
Q-spectrum highest intensity groups (Fig. 2): 
—————— Analysis of the experimental data gives reason 
Group | Foret I, % to assert that the fine structure groups observed 
_ Kev | sin the spectrum of U235 correspond to transitions 


to four or five single particle levels in Th231, 


ao (0°) 0 72,5 +3,0 whe a42, Og and O10 groups are characterized by the 
5 13% 
a uA ae ey tot lowest hindrance factors. Inasmuch as the ground 
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Fig.1. Spectrum of Q-particles from U234 and U235, Ng = number of Q-particles; 
i = coordinate of the photographic plate in mm. The Q-groups identified by the 
superscript 4 pertain to U 34, those identified by the superscript 5 pertain to 
u235, The a-particle tracks were counted at intervals of 0.3 mm. The spectrum 
shown at the bottom of the figure was recorded at the same time. 


state of U235 has spin 7/2 and odd parityll , it may be assumed that these a-decays 
lead to levels in Th231 with close spin values. According to classifications12,13 
based on Nilsson's diagrams Th231 should have levels corresponding to states with 
K = 7/2- (743) and K = 5/2- (752). If we assume that the Q13 group, characterized 
by the lowest hindrance factor (m ~2.2) corresponds to a favored transition to 
the 7/2- (743) state, one can identify levels 7, 8, 10 and 13 (Fig.3) as levels 
belonging to one rotational band based on the Single particle 5/2- (752) state. 
The anomalously small separation between levels 7 and 8 can be explained by 
strong "interaction between rotational levels''l4 belonging to states with 5/2- 
(752) and 7/2- (743), which should lead to a substantial shift of levels 8, 10 
and 12 relative to level 7. The energy intervals between levels 8 (I = 7/2)%.10 
(I = 9/2) and 12 (I = 11/2) agree within the limits of the measurement error with 
the assignment K = 5/2, However, the value of the moment of inertia for this state 
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; Table 2 
Fine structure of the U235 q-spectrum 
l | 
d-Par— : | | ) ! 
aca ticle e Le Hindrance ba enw ee | To ogee Hindrance 
hee | © 7 | 
| enerey, > factor, ™m | Groups | pueeeys : | factor, m 
| 
ay 4578 Ao 3-108 a 4394 
ds 4550 3 (1-+2)-108 4. 4368 | (6) i 33 
as(?) | 4522 | <4 ~5-108 a ase | iy f 17) ty 
oy, 4496x* | “4 (1-+2)-108 ay 4339 1,5 80 
Os 4438 3 (2+3)-102 on 4320 ay 30 
ag (?) 4426 Ae ~4-102 Q1g 4214 DAD 22 
ay 4419, 2 ~2-402 


*In evaluating the energy we used the most int (a 234 
" = : ense roup of U (EB, = 
as the "standard". The uncertainty in the energy es ants P ies. q = 4768 kev) 


**Coincides in energy with the % group of yen, 
***The intensity values are based on three experiments. 


differs greatly from its 
L% value in neighboring even- 


even nuclei (> = 49-53 


kev) and approaches the 
solid body value AJ/Jsp = 


4200 2300 4400 E,. keV Joaa— Jee 
4500 a =e oe 60 %. Theory 


ews also predicts a substantial 

90 6 increase of the moment of 
inertia for the 5/2- (752) 
state; evaluations carried 
out by means of the formulas 


0 given by Prior!5 and Grin' 
4200 ede pe 4500 Se et all® for a deformation 
Fig.2. Results of measurement of the Q-spectrum of parameter B ~ 0.23 yield 
u235; a) data of Pilger et al9-11, b) our data. AJ lJsp= 30-50%. 


As a result of the 
above mentioned interaction of states each of the levels of the rotational band, 
except for level 7, will be characterized by a superposition of states with K = 
= 5/2 and K = 7/2. According to Prior!’ this should probably result in a substan- 
tial increase in the intensity of the Q-transitions to levels 8, 10 and 12. Ac- 
cordingly, one can expect the intensity ratios of the Q-transitions to be described 
in the first approximation by the formulas for favored transitions with K = 1/2. 
Theoretical evaluation of the intensities of the transitions to the 7/2, 9/2 and 
11/2 levels yields 100:15:2, while the experimental ratios for the transition in- 
tensities to levels 8, 10 and 12 are approximately 100:17:5. As might be expected, 
the intensity of the transition to level 7 is much lower (m= 2°10). 

Levels 9 and 11 can be attributed to a state with 3/2+ (631), inasmuch as the 
corresponding Q-particle groups (Ag and Q11) have relatively small hindrance fac- 
tors (m < 100), characteristic of transitions not connected with change in the 
_ projection of the spin of the last odd nucleon on the nuclear axis.17 The magni- 
tude of the moment of inertia for the indicated identification of the levels is 
' in agreement with theoretical evaluations for 3/2+ (AJ /J., = 20%) - 
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The other levels, according to 
Nilsson's scheme, presumably belong 
u2 (21+ 10 yea), to single particle 5/2+ (633) and 
77 1/2+ (631) states. Transitions to 


ree these states involve change of a, 
ne Eeey 1% wevel which should explain the large hin- 
EAA 268 No. drance factor characteristic of the 
Ye 12 (743) 7 sat e corresponding O-particle groups.17 
| The most probable assignment for 
the ground state is 5/2+ (633) (see 
| Ref.13). 
Wo” 5/2 Li Hee 12 Theoretical evaluation oe i 
S2* 32 L5)-— if separation between the ground s aee 
92, 52 234 ee lT Mg and the first excited level of Th 
EU ED) i f yields ~40 kev (compare with the 
oe ee (752) oe ay) : level diagram of U233), which dif- 
etetlala hag B fers greatly from the separation be- 
| | tween levels 1 and 2 (28 kev). We 
| cannot, however, deny the possible 
¥Y2* 52 , 97 ae 4 existence of a group of Q-particles 
-—--44+ 4 -~" 3 with an energy of 4590 kev and an 
WD" 2 : yo? z intensity of ~1%, since such a sabe 
| ! 45 would be masked in our measurements 
Pie eS mt Zz. d by the 4596 kev group of u234 q- 


Th?” (26 hr) particles, which corresponds to the 
transition to the 4+ level in Th230, 
Fig.3. Proposed level diagram for Th231 , Hence we arbitrarily assumed that 
the observed Q] group goes not to 
the ground state of Th231 put to an excited level at ~14 kev. On this assump- 
tion, levels 2 and 4 and possibly 5 or 6 may be identified as rotational levels 
based on the 5/2+ (633) ground state with spins 7/2, 9/2 and 11/2 (see Fig.3). 
Let us compare the level diagram proposed for Th231 (Fig.3) with the data 
on y-radiation. It must be noted that the y-spectrum is complex, while the reso- 
lution of scintillation spectrometers - the only instruments by means of which the 
spectrum has been investigated to date - is not high. Hence the results obtained 
by different authors’ »18-20 conflict in many respects. Among the more or less 
reliably established y-transitions is the 184-188 kev transition (55%) and the 
195-210 kev transition in cascade with it, and transitions of 143-146 and 105- 
110 kev energy. From determinations8,13,20 of the conversion coefficients it 
follows that the ~185 and ~145 kev transitions are El and the ~200 kev transi- 
tions is Ml. Regarding the 105-110 kev transition it is known only that it must 
comprise a substantial fraction of dipole radiation.®8 The above mentioned y-ray 
data are in conflict with the proposed level diagram. The absence of detectable 
transitions from level 13 to the rotational levels based on the ground state may 
be explained by the fact that they are forbidden by the asymptotic quantum number 
selection rules. The electric dipole transitions (~185 and ~145 kev) are also 
forbidden by these selection rules which may explain the relatively long life- 
time of the ~185 kev state. According to Strominger?21 , the lifetime of this state 
is (0.77 + 0.12)+107-9 sec. 
Nevertheless the proposed scheme can only be regarded as tentative. In order 
to establish the definitive scheme one must have additional experimental data, 
primarily information on the conversion electron spectrun. 
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THE AUGER EFFECT 
(A Review) 
- M.A.Listengarten 


Introduction 


When internal conversion, electron capture, the photoelectric effect, or any 
other process which ionizes the internal shells of an atom np eet) ore in 
such a shell, this vacancy is filled in a time of the order of 10 -10 sec 
by an electron from one of the higher levels. The energy emitted in such a trans- 
ition is equal to the difference in the ionization energy of the two levels. This 
transition energy may be carried off by electromagnetic radiation (characteristic 
x-rays) or by an electron from another shell, which, as a result, leaves the atom. 
The latter process is called the Auger effect, and the emitted electron is called 
an Auger electron. 

An understanding of the Auger effect is necessary both to differentiate in- 
ternal-conversion electrons and B-particles from Auger electrons when a nucleus 
is undergoing radioactive decay, and if one wants to use the number of Auger 
electrons to calculate the number of initial vacancies in the shell. Such a cal- 
culation can be used, for instance, to determine the number of K-captures or the 
number of conversions. 

Investigation of the Auger effect should yield information on the following 
quantities: (1) the number of different Auger-electron lines, (2) their energies, 
(3) the relative intensities of the separate Auger-electron lines (or line groups), 
(4) the absolute probability for the Auger effect (line widths), (5) the Auger- 
effect-x-ray branching ratio for filling the initial vacancies. 


I. Classification of Auger Electrons 


An atom with a single vacancy, or hole, will be left, as a result of the 
Auger effect, with two holes. We will label series of Auger electrons by the 
shell in which the initial vacancy occurred (e.g., K series, L series). We will 
label groups of Auger electrons by the shells containing the two holes resulting 
from the Auger effect (e.g., K-LL, K-LM, K-MN groups of the K series). Finally 
each group consists of several Auger-electron lines differing in their energy. 

The notation used for the different Auger lines of each group depends on the 
method one uses to characterize the states of the doubly ionized atom. In differ- 
ent regions of the atomic number Z and for instruments with different resolutions 
one will in general use different quantum numbers. Their choice will depend on 
whether one need take into account, first, relativistic effects, and, second, re- 
sidual interaction between the electrons (or holes). By residual interaction we 
understand that part of the electromagnetic interaction of the electrons which 
cannot be included in the average centrally symmetric atomic potential. One then 
has four possibilities. 

1. jj coupling. The Auger electron lines are denoted by the same shell and 
subshell indices (e.g., K, Ly, Lg, Lg, My) as are used to denote the single-elec- 
tron energy states of the atom in x-ray spectroscopy. For instance, the K-LM 
group should contain fifteen lines since there are three L and five M subshells. 
The emission of electrons of the K-LL group can leave the L shell, consisting of 
three subshells, in six different energy states with the configurations given in 
the second line of Table 1. One then obtains the six lines given in the first 
line of the table. This classification takes into account relativistic effects, 
but not the residual interaction, and is known as the jj coupling limit. The 
system consisting of the Z - 2 electrons (or, equivalently, the two holes) is 


J 
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then characterized merely by the quantum numbers of the individual single-elec- 
tron states predicted by the relativistic theory for the centrally symmetric 
field. The jj coupling limit can be used to classify Auger electrons for Z 2 30- 
-40, 


2- Nonrelativistic single-electron approximation. Here neither the residual 
interaction nor the relativistic effects are included. This approximation can be 
used when the resolution is low for Z < 40; but it is good for large Z only for 
the external shells. In the nonrelativistic approximation the Lg and L3 subshells, 
the Mg and M3 subshells, etc., are not split. Then the K-LL group will have only 
three lines (as in line 10 of Table 1), namely, K-LjL), K-Lyjlo.,3, and K-Lo,3l9.3- 
These lines correspond to the three possible states of the L shell of a doubly 
ionized atom in the nonrelativistic single-electron approximation. 
figuration is given in line 9 of Table 1. 

Until recently it was thought that the above classifications exhaust the 
possibilities. But not long ago Siegbahn et all! reported observing not six, but 
seven Auger electrons in the K-LL group of copper. This report led to much ex- 
perimental and theoretical work devoted to the number of lines in a group2-9. 
Two new possibilities for the classification of Auger lines were brought forward 
(they were already discussed by Ference® back in the thirties). 

3. The LS coupling limit. Relativistic effects are not included, but the 
residual interaction (which, in the nonrelativistic approximation, is entirely 
electrostatic) is taken into account. This classification is applicable to very 
small Z (say, less than 20) and when the resolution is good enough for quite weak 
lines to be distinguished. For small Z, as well as for the shells furthest away 
from the nucleus, the binding energy becomes so small that the weak two-particle 
residual interaction contributes measurably. In the nonrelativistic approxima- 
tion the total orbital angular momentum L and the total spin S (but not the angu- 
lar momentum and spin of the separate electrons) are conserved separately. The 
interaction energy depends on L and S. The six mance oa the K-LL group possible 

mation are shown in lines 6-8 of Table l. 
7 are geass coupling. For 20<¢ @ <€ 40 (and for even lower and higher Z 
if the resolution is high) neither the residual interaction nor the ewe abet 
effects may be neglected if one wants to explain the nature of the weak Lee 
lines. In general the energy of the atom depends on the total Spars peace: 
J of the system of electrons (or holes). This leads to splitting o one ji 
obtained in the jj or LS coupling schemes, into several lines (multip ee eae 
nents) depending on J. The nine lines possible in the K-LL prererecrs oF see 
Table 1. Their classification in LS terms is given in lines 4 = j fe Eats 
10) of the Table, and corresponds to ire ES joe ane peat e two 
hree components with J=L+5, = L, =aL- 5S. 
oe ne Paes Fs ee be classified mee equal a a erro PEER poet 
or 2 & 3 in Table 1), which correspon 

ee how the angular momenta ji and j, of the two holes couple to give J. 
ee eae classification is valid for all Z, but outside the 

< 1 it may not be reasonable to use it in describing the states 
Bee Santer g fferent multiplet components in the Auger 
of the internal subshells, since the a ih Pes acini ccal ties whiehiditten 
gece tovm sil pere Or 5 ian pia th outer subshells, on the other 
pxcatly sentneces ling Soles ear upble a pee t ouplin classification 
hand, the region of applicability eae intermediate coupiing 
nereases in the direction of large 4- ; P eeatatalcoune 
Bie) Bauli petncs ple pees fee seep meanest the two-electron 
ling classification. For instance, when the 


Their con- 
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(or two-hole) spin function will be antisymmetric, and then the coordinate func- 
‘tion of the equivalent electrons must be symmetric. Thus if both holes are in 
ame i or 2p state,* then if S = 0 only even L are possible, and if 8 = 1 only 

Thus in intermediate coupling there may be 9 lines in the K-LL group. Three 
of these, namely K-Lyjlo (with J = 0), K-LyL3 (with J = 2), and K-L3L3 (with J = 
= 0), are very weak. These nine lines fuse into six in the jj and LS coupling 
limits, and into three in the nonrelativistic limit. For inequivalent electrons 
or holes (e.g., for a 2s and a 2p or a 2p and a 3p hole), combinations of S, L 
and J of all parities are possible. Thus the fifteen lines of the K-LM group 
split into 36 lines in intermediate coupling (these are given in Table 8). States 
forbidden by the Pauli principle are indicated by a six-pointed asterisk in Table 
1. 

If before the Auger transition took place in the atom there were already two 
(or more) vacancies, the classification of Auger electrons which includes the 
residual interaction (that is, cases 3 and 4) becomes even more complicated, in 
that the initial energy of the atom may be different depending on the coupling 
of the angular momenta of the holes in the initial state, that is, before the 
Auger transition. 

The line which Sokolovski et all, thought to be a seventh K-LL line in cop- 
per would seem actually to be not an Auger line, since its energy does not cor- 
respond to the calculated value according to intermediate coupling.4 A weak 
seventh K-LL line with the correct energy has been observed? in the spectrum of 
plutonium. 

In most cases the most useful analysis of the Auger spectrum is by jj coup- 
ling, since, as has already been mentioned, the other lines are very weak and 
have energies almost equal to the main lines. 


II. Auger electron energies 


The kinetic energy E(V — Xi¥;) of an Auger electron is given by 
E (V 2863 = E (V) — E (Xi) — E(Y;)— AExy;- (1) 


Here V denotes the shell with the initial vacancy, X; and Y; are the shells (or 
subshells) in which vacancies are produced by the Auger transition, and F(V), 

E (Xi) and £(Y;) are the binding energies of the electron on these shells or sub- 
shells. 

If one considers the electron from the X; subshell to fill the vacancy, and 
that from Y; shell to be emitted, then E(V)— E(X;) is the energy liberation in 
the transition, and /(Y,;)+AFx,vy; is the binding energy of an electron in the Y; 
subshell in an atom singly ionized in the X; subshell. Since the X; and Y; elec- 
trons are indistinguishable, one may equally consider L(V) (Y;) to be the ener- 
gy liberated, and E (X;) + AExiy; to be the binding energy of the electron in the 
X, subshell in the atom jonized in the Y; shell. 

The values of E(V), E(Xi) and £(Y;) are well known. The most difficult quan- 
tity to determine is Afx,y; A convenient empirical method for finding this 
quantity was suggested by Bergstrom and Hil1?. According to them, when the atom 
is ionized in the X; subshell, /(Y;) increases as though it were due to some in- 
crease AZ in the atomic number Z of the atom, or one may write 


*In these states J must be even (see, for instance, Asaad and Burhop*) . 
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AE y, = AZ(E?*™ (¥)) — EO (YI. (2) 


The index Z refers to the element in which the Auger transition takes place. 
By choosing a reasonable value for AZ (see below), one can find AEx,y; according 
to Eq.(2), and then use (1) to find the Auger electron energy. 

Compared with other methods of finding the Auger electron energies, the 
Bergstrom-Hill method for all its simplicity gives the best results for all groups 
and series (except the K-LL group!). 

In the intermediate coupling calculation, the Auger electron energy depends 
on the total angular momentum J of the atom with holes in the X; and Y; shells, 
i.e., 


AExy = AEyx = AExy (J). 


Accurate measurement of the energy of K-LL electrons should be compared with 
the Asaad-Burhop* intermediate coupling calculations. Nevertheless, because of 
its simplicity, the AZ calculation is sometimes useful for rough estimates also 
for the K-LL group. 


1. The K-LL group. The Asaad-Burhop intermediate coupling values for the 
energies of the nine lines in the K-LL group are given by 


fake = LACS) B(k)y Eh kL, Bere 
Die K SIsla(tP iy. VE (Rye Ee (1ay = Ei lye 
—[[(Fe e120 —Ze) +5 ol" =e}; 
3, K—LyLy(®P,). E(K) — E (L,) — E (Ls) — F? (2420)-+ 
+ (Feo e12)—- Fel + 5e]-F4s 
4. K—Ll,(°P,). E(K)—E (Ly) — E (La) — F° (2420) + 4 @ (2120); 
5. K—I,L,(®P;). E(K)—E (Ly) — E (Ls) — F° (2120) + 3G? (2120); 
6K = 1,17 0D,). VER) OE (Eq) 8 GG) eee = F? (2424)— (3) 
—f(R Peis +py+sep sas 
7. K—Lgls(°P,). E(K)—E (Ls) — E (Ly) — F0(2121) + % F* (2421) 4 
+{(Grem +4y+tey— sq, 
8. K —Lgla(*P:).  E(K) — E (Ly) — E (Eq) — F0(2424) — A (2421) 4 
+ {[ (GF? (2424) — 4 c+ 2c7]"— 3h, 
9. K —Lala(+S,). E(K) — E (Ly) — E (Ly) — Fo (2424) — £02404) — 
— {[ Go F212) — 3 c)+2re]*— 3 cl. 


Here 


C= $[E (Ly) — E (Li; (4) 
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E(K), E(L,), E(L,) and E(Ls) are the binding energies of the electron on the 


K and 
L subshells. If the energies are all expressed in kev, then 
F° (2020) = 0.00408 (23:8) (di Hew non lbh I Aaa) 
#0 (2120) = 0.00441 (Z — 4.0) (4 = O12 AN) B72), 
G! (2120) = 0.00239 (Z — 2.6): (5) 
HO 2121) == 0.00494. (Z.— ) 


(4 —2.5.10°52?); 
iF 


The Asaad-Burhop calculations are performed in the nonrelativistic approxi- 
mation. The (1—a«Z’) factors in (5) are introduced in order to take account of 

relativistic effects. The numerical values of « in these factors are chosen so 

as to make the electron energies agree as well as possible with the measurements 
of Mladenovic and S14tis® for Z = 83. 

The (Z — cs) factors in (5) describe screening effects. The parameter o is 
chosen from the requirement that for Z = 80 the values of F/ and G in (5) agree 
with calculations based on the Hartree? self-consistent field method. 

Table 2 gives the experimental energies of the main lines of the K-LL group, 
as well as the theoretical values according to (3)-(5) based on the binding ener- 
gy tables of Wapstra, et a1 10, 

The theoretical and experimental absolute values of the energies do not 
agree very well. For Z = 29, for instance, the difference of roughly 60 ev is 
about 60 times greater than the uncertainty of measurement. However, the Asaad- 
Burhop calculation gives the relative positions of the lines extremely well, 
namely to within about 5 ev for Z = 29, or to about 50 ev for Z = 94 (which is 
0.05% in both cases). 

Table 3 gives the relative line energies according to the most accurate mea- 
surements.2,3 In these measurements, as well as in others,29 seven K-LL lines 
were observed for Z = 29, 93 and 94. Comparing the energy of the seventh line 
with the energies of the weak lines according to the intermediate coupling the- 
ory, one sees that only in the Z = 94 case is this an Auger line. The difference 
between the calculated and observed energies for all six lines is explained by 
saying that the Asaad-Burhop calculation takes screening correctly in account 
only for Z = 80. The screening correction should displace all the lines of a 
group about equally and for all these lines it can be introduced by adding to 
the right side of (3) the term 


4.5 
£E( 2124) = 0.00239(Z — 54 


+ 0.0011° (80 - Z) (6) 


The energy 0.0011 kev is chosen so as to obtain agreement between experiment 
and theory for Z = 29. In Table 2 the theoretical values are given without this 
correction. When it is used, the agreement is significantly improved for Z = 32, 
47 and 62 as well. The remaining difference for Z > 84 may be attributed to un- 
certainties in the binding energy values for these heavy elements. It seems, 


furthermore, that there exist systematic errors in the energy measurements. 15,20 


It should be noted that the seventh line reported by Evan et al3 was actual- 
ly deduced from the modified shape of the close intense line. For heavier ele- 
ments the width of the K level becomes so great (up to 100 ev), that close-lying 
weak Auger lines cannot be separated from the six principal lines by any increase 

trument. ' 
@ “ie Caan aaae rie 2m and relativistic corrections in Eqs. (3)-(5) are 
obtained from experiment, the energies calculated from these formulas are semi- 


empirical. 
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Table 2 

Experimental and theoretical energies of K-LL electrons (kev) 

Z=29 Z = 32 Z=41 Z=62 
Line x|Theo.| _ Theo.| pyp,|Theo.| Exp.| Theo. 

Exper. [2] [4] Bxpere [2] [4] ie 4] [12] 4) 
/ 

K — 1,1,(:S5) 6,739 +0,006 | 6,678 | 8,212+-0,006 8,151 | 17,74 | 17,732] 34,45 31,144 
K— LLP) 6/867 +0,004 | 6,814 | 8,367+-0,004 8,309 | 18,02 | 18,012] 31,60 31,579 
K—I1,L,(2P;) | 6,909 +0,006 | 6,801 8,415-40, 006 8,356 | 18,18 | 18,174] 32,19 32,104 
K —I12L2(1S9) | 7,006 +0,0025) 6,952 8,524-+0 , 004 8,470 | 18,29 | 18,264 = slots cee 
K —1,L,(1D2) | 7,0345+0,001 | 6,980 8,561+0,0025 | 8,508 | 18,46 | 18,442 | 32,58 | 32,061 
K—L,L-(2P2) | 7,063 +0,0025| 7,008 8,601+0,0025 | 8,547 | 18,65 18,624] 33,19 | 33,169 


Z=64 Z=14 Z=T Z=79 
Line = 
Exper., . Exper. |Theo. | Bxper.| Theo. | Exper.| Theo. 
[127 |T aeot4 [13] [4] [14] [4] [15] (4] 

ee ee = 33,235 | 45,07+0,05] 45,077 | 50,35 | 50,372 | 51,87 | 51,743 
K — L,L.@P;) 33,68 | 33,696 | 45,63--0,05| 45,653 | 514,06 | 54,003 | 52,51 | 52,394 
K — LL ;(?P3) 34,39 | 34,357 |46,95+0,05} 46,956 | 52,68 | 52,676 | 54,26 | 54,168 
ws.) ide 34 ,096 ma 46,149 nee 51,541 | 53,10 | 52,944 
K=AlsgD.) 34,85 | 34,789 |47,50-+0,05| 47,492 | 53,28 | 53,260 | 54,89 | 54,766 
K — 131 2(?P2) 35,58 | 35,488 |48,86+0,05| 48,843 | 55,03 | 54,983 | 56,64 | 56,594 

Z = 80 Z=83 Z=84 

Line 


| 
Bxper. |TheojTheo Exper. Exper. |Theo| Bxp,|Exp.|Theo. 
[7] [4] [5] [16] [8] [4] ** : 4 


[17] | (18) 


K—L,L,0S,) |53,18-40,04 a 157|53,293|57,458-0, 02057, 466-0, 020/57, 460] 58, 92 | 59,07|/58, 944 
K—I,L,CP;) | 53.79--0,04|53,816/53, 713158, 147-0, 020|58, 186-0, 020|58, 174] 59,92 | 59, 75/59, 678 
K—1,L2P;) | 55,71-£0,04 |55, 705/55, 780/60, 423-0 020/60, 417-0,020|60, 424| 62,47 | 62,19|62,058 
K = 1s15,) (54,32) |54,378|54, 133/58, 783-0 ,020 = 58,776, — | — |60,306 
K —1,L,1D2) | 56,35-L0,05 |56, 312|56, 199/61 ,070-L0 , 020|61 ,090-+-0, 020|61 ,078] 62,77 | 62,83/62, 735 
K —13L2P2) | 58,27-£0,05 |58, 253/58, 266/63, 367-L0 ,020|63, 404-L0 , 020/63, 385| 65,33 | 65, 33165, 169 


Z=93 Z=94 
Line 
Exper. [19] | Exper. [20] | Theo. [4] Exper. [3] Theo. [4] 
K—1,1,05,) 73,44 73,7 73,532 75,18-+0,045 75,259 
K —L1L.P)) 74.25 74.6 74,401 78,0550 :045 76, 160 
K — LL 4{°Ps) 78,24 78,52 78,335 80, 240,045 80,304 
K — LL 2*50) es 75.3 75,138 76, 78-0 ,04 76,927 
K—TaL Ds) 78,95 79,32 79,126 81 ,06-L0,015 81,125 
—IsL?P2) | 82,99 83,3 | 83,422 85,300,015 85,334 


*The energies here are those given by Goeffrion and Nadeau2!, who demon- 
strated a systematic error in the work of Johnson and Foster.11l 

ions of hn saber sm: in the theoretical formulas of Asaad and Burhop 
are sen so as give the best possible fit to the 
soplcareticaet oh experimental results of 


*The numbers in brackets in this and the following tables are References. 
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Table 3 
Relative position of the K-LL lines (ev) 


songsths ope ee eerie ey ee 


Z=2 Z=22 RE Z=9%° 
See Exper .|Theo Exper. |Theo,| Exper .|Theo.| Exper. 
[2] (4] [2] | [4] [20] [4] 3] (theo) 
| 
KL, Se) 0 0 0 0 
( e 0 

K — IyL, ('P) 128 133 155 158 900 869 aio ot 
K — IL (? P1) 176 173 201 205 4820 4803 5060 5046 
K=iyle CP) ee 164 = 189 ae 1818 951 


K — LyLs (8P2) = 184 as 390 : — 
22 — 898 | 5 
Reece é 3 89 396 | 960 959 


‘ : -- ; -- — | 9522 ea 
K—Ll,@S9) | 267 | 273) 312 | 319 | 1600 | 1808 | 1600 | 1668 
97 ? — — | 4450 2 = - 


Asaad° calculated Auger electron energies without the use of empirical para- 
meters only for six lines of the K-LL group for Z = 80 (mercury). These were 
relativistic calculations with jj coupling (but without the residual interaction). 
A screening correction was obtained by the Hartree self-consistent field method 
with further corrections for exchange. The actual calculations were performed by 
electronic computers. The results are included in Table 2 (for Z = 80). 

The Bergstrom-Hill AZ parameter for the K-LL group in the region Z = 80 to 
85 has the following values: AZ = 0.54 for Auger electrons from the L} subshell, 
AZ = 0.55 for Lg electrons, and AZ = 0.76 for Lg electrons.’ This means that 
Af£xy in (1) and (2) is roughly the same for all lines of this group. The values 
of AExy and AZ for other Z can be found from the conditions (a) that AZ = 0.8 for 
K-L3L3 lines, and (b) AEyy is the same for all lines. For Z = 62, for instance, 
this gives AZ(L)) = AZ(L9) = 0.65, which agrees with experimented 

In calculating the relative positions of the lines, the Bergstrom-Hill method 
is considerably inferior to the methods of Eqs.(3)-(5). If, however, one does not 
use the correction of (6), then away from the Z = 80 region the Bergstrom-Hill 
method gives absolute energy values of better accuracy than does the Asaad-Burhop 


~ method. 


2. The K-LM group. Asaad and Burhop4 also performed intermediate coupling 
calculations for the K-LM group. As an illustration, Fig.1 shows the transition 
from the LS coupling limit to the jj coupling limit for the (2p)°(3p)> configura- 
tion of the L and M shells of an atom doubly jonized in these shells. When Z 
goes from 0 to oo, the parameter %o goes from 0 to 1. In Fig.1 we have yo = [1 + 
+ (30/Zo)31-2; Zo=[(Z — 3.3) (2 — o)J*. The Slater screening constant o is 10.25 for 
the K-LM] 9 3 lines, and 20.15 for the K-LM4 5 lines. In practice, however, the 
Asaad-Burhop results cannot be used to identify lines in this group for two rea- 
sons. First, only the displacements of the lines belonging to a single configura- 
tion are given, with no information about the relative position of lines belong- 
ing to the different configurations. Second, the nonrelativistic approximation 
is used with a very rough screening correction, which leads to results that are 


too inaccurate. 


*For instance, measurements!3 give an energy difference of 1.111+0.05 kev 
between the K-LoM3 and K-L3Mpg lines for Z = 74. Bergstrom and Hill get 1.02 kev 
for this case with AZ = 1. According to Fig.2, this difference is 0.62 kev. A 
similar conclusion will be reached if one compares the Asaad-Burhop calculations 


with experiment® for Z = 83. 
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Thus if one wants to calculate the K-LM or any other Auger group energies 
(other than K-LL) the best method to date is that of Eqs.(1) and (2) with a suit- 
able choice of AZ. ic ee 

Analysis of the experimental data for the electron energy war g gi ° 
for the K-LM, 9 3 lines when Z = 83. The same value of AZ was found for Z = 
= 84, For Z = 74, Gallagher & Stromingerl$ obtained AZ = 1 for the same lines, 
so that energies calculated according to 


E(K —L;M;) = E®(K)— E@(L)— EB@+)(af,), 


agree well with experiment. 

3. Other groups of the K series. There are 
only scanty data on the line energies in the K-LN, 
K-MM and other groups. The energies are usually 
calculated by the Bergstrom-Hill method with the 
choice Z = 1, and the Y, in Eq.(2) taken for the 
subshell which is further from the nucleus. 

4, The L series. Sujkowski and S14tis?2 mea- 
sured the energies and, very roughly, the relative 
intensities of the fifty-four lines in the L-Mi and 
L-MN groups of Bi and Tl. They subjected their re- 
sults to a detailed comparison with theory for vari- 
ous AZ values, as well as with earlier experimental 
results. The result is that these authors also find 
that AZ = 1 gives the best fit for Z = 81-83. With 
this value the energy values obtained according to 
(1) and (2) are close to the experimental ones, 
with a mean deviation of the order of 10 ev. If 
one were to take AZ = 0, this mean deviation would 
be of the order of 100 ev, so long as one does not 
alter the interpretation of any of the lines. 
Fig.1. Transition from LS Risch23 found that for the L-MN group, AZ is dif- 
to jj coupling* with increas- ferent for different lines, lying in the region 
ing Z for the (2p)°(3p)> con- 0.7< AZ< 1.3 (this also for Z = 81-83), The 


(1-79) $107 
40 


figuration. The ordinate average value of AZ is about 1. 

is proportional to the line 5. Further remarks on Auger electron energies. 
energy, and the abscissa If the original vacancy in the L shell results from 
gives yo (whose relation to L conversion, L capture, or Ka (K-L5 3) x-radiation, 
Z is given in the text). the L series of Auger electrons is émitted by a 

The energy E is given in singly ionized atom. At the same time a definite 
atomic units (27.2 ev). fraction of the vacancies in the L shell is formed 


by K-LL Auger transitions, and this gives rise to 

an L series of Auger electrons from a doubly ionized atom. The line energies 
for electrons from a doubly ionized atom will differ greatly from the correspond- 
ing line energies for a singly ionized one, even approaching the energies corre- 
sponding to an atom with atomic number Z+l. This effect is discussed by Sujkowski 
and Slitis, 22 who were not able to observe the corresponding electrons. Such ion- 
ization differences should affect the energies in the M and N series even more 
greatly, since these can be emitted by multiply ionized atoms. 

Auger electron energies depend on the mechanical motion of the emitting aton. 
For instance, in the a-decay of Bi212, the Auger lines of T1208 are broadened by 
+112 ev as a result of recoil. In measuring coincidences between Auger electrons 
and Q-particles at certain angles one obtains a definite energy shift; Burde & 
Cohen24 took this shift into account. : 
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From the calculated Auger electron energies one should subtract the work 
function of the metal if the electron binding energy values are based on the x- 
ray absorption edge in the metal (see, for instance, Wapstra, et al19). 

The work function decreases25 from 11 ev for Z = 3 (li) to 5 ev for Z = 37 
(Rb), and is equal to about 4 ev for Z> 60. In gases the work function is zero. 
The theoretical values in Table 1 are given without this correction. 

As for semiconductors (for instance, Cu0), the electron energy levels in them 
lie deeper than in metals. Therefore the K-LoL3 electrons from CuO have energies 
1.0 + 0.3 ev lower than the corresponding Auger electrons from metallic copper. 26 


III. Group and Line Intensities 


1. Methods for calculating Auger-effect probabilities. The first theoreti- 
cal discussion of the probability for the Auger effect was that of Wentzel,?? who 
found that in the nonrelativistic approximation this probability is independent 
of Z, and is equal to ~1015sec"!. As long ago as 1935 Pincherle28 calculated the 
probabilities of all possible Auger transitions for shells and subshells up to 
4p inclusive (the configuration of krypton), using the nonrelativistic approxima- 
tion and unscreened hydrogen-like electron wave functions. 

In the nonrelativistic approximation one assumes that the perturbation caus- 
ing the first electron to undergo transition from its initial bound state to the 
final free state outside of the atom is its electrostatic interaction with the 
second electron which fills the hole in the transition. Let ¢,(r1) be the Schréed- 
inger wave function of the first electron in its initial state, and ¢;(ri) its 
wave function in the final state. Similarly, let ¢i(rz) and ¢,(rz) be the initial 
and final state wave functions of the second electron. Then according to the usu- 
al quantum mechanical formula, the probability W, for the Auger transition is 


7 at E 2 
Ma = "5 2a (wie Cea) vy (ra) V (ears) pales) Ye Os) dr) (Ara) @ 


where the perturbation energy V(r — rz) = e?/|ri — rol. 

Because the two electrons are indistinguishable, one may also consider the 
' first electron (r,) to fill the vacancy, while the second (rz) leaves the atom. 
This possibility will be correctly accounted for if one replaces the products of 
wave functions in (7) by antisymmetric combinations of the single-electron func- 
tions (in accordance with the Pauli principle). Then in the integrand of (7) 
there appears another term which differs from (7) only in the replacement of 


p; (11) yy (r2) by ~; fir(2) Y; (1). 


In the relativistic theory one assumes that the transition of the first elec- 
tron from its initial state (described by a relativistic Dirac electron wave func- 
tion v;(r,) into the final state (yf (r,)). 1s brought about by the interaction of 
the electron with the electromagnetic radiation emitted when the second electron 
fills the hole. The vector and scalar potentials Aj; and 9; for the transition 
are related to the wave functions of the electrons filling the initial vacancy by 
the equations 


Ay= —e \ [(exp ik | ry — 2 |) /|¥1 — Fe |] W; (82) tpi (12) (dr) 
and (8) 


2 \ [(exp ik | ry — re|) /l11 — Fe] Y; (12) tpi (1'2) (dirs). 
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Thus 


Was = 7 > fe pia (r1) (aAiy— is) thi (11) (dr1) [°3 (9) 
if 


here peas where /;— EH, is the energy liberated when the second electron 
Cc 


fills the vacancy, and ms represents the set of Dirac matrices. 

The relativistic expressions for the Auger probabilities are similar to the 
corresponding expressions for the internal-conversion probabilities. They dif- 
fer, however, in that in internal conversion the electromagnetic field causing 
the transition is produced by the nucleons; in the present case this field is pro- 
duced by the electrons, and it thus becomes necessary to make use of the Pauli 
principle in (9) to take account of the indistinguishability of the electrons 
(as was done in the nonrelativistic approximation). 

A relativistic theory of the Auger effect was given by Massey and Burhop29 
in 1936. These authors, however, in integrating Eqs.(8) and (9) and in perfornm- 
ing the numerical calculations using hydrogen-like Coulomb electron wave func- 
tions, committed a number of errors. In 1957 we deduced the correct expressions 
for the Auger probabilities and undertook numerical calculations in which screen- 
ing effects were included. In 1959 Asaad5 published results of relativistic cal- 
culations with screening for Z = 80 for the K-LL group. 

2. Absolute probabilities for the Auger effect. Table 4 gives the transi- 
tion probabilities for the K-LL group in atomic units, as calculated by various 
authors on the basis of various different assumptions. The absolute values of 
the intensities can be obtained from the relative-intensity tables given below. 
ao LSID ee eee eee ee ee ee 

Table 4 
K-LL transition probabilities per 103 atomic time units* 


+ s 


igus) |laalieo 1s: | ns H ines I=!" nr: Ba |r Ha 
Line ALL Ze bh Ba4rtel? ax7Ou Za. hoe B00le aeo 
Ref. 28 | Ref. 90 | Ref. 22 | Ref. 31 IRef.5 |RoF.S 

! ' ‘ 1 
haeatn te 2,5 2,54 | 4,741 °2,02.| 2.04 | 9,04 
ai ieee, 8,83 | 8.65 | 18,73 | 7.10 | 7.16 | 20,32 
RADAR At) to, SNE 17a — | 19,25°|°47/58°}> 49,86 
Sil, 35,6 | 28.30 — | 28,37 | 26:78 | 49.49 


*One atomic time unit is 2.42°10-17 sec. To find the transition probabili- 
ties per second, the tabulated data should be multiplied by 4.134°1013, To fina 
the partial widths of the Auger lines in ev, the tabulated data should be multi- 
plied by 27.2-1073, The notation is the following: r = relativistic calculation; 
nr = nonrelativistic approximation; us = calculation for an unscreened atom; H = 
= calculation with hydrogen-like wave functions and with Z replaced by Z - 0 
(where o is the Slater screening constant); T-F = screening according to the 
Thomas-Fermi statistical model (without exchange); Ha = screening according to 
the Hartree self-consistent field. 


Calculations made in the nonrelativistic approximation lead in 
similar results and can be used for light atoms. In heavy atoms, however, the 
relativistic corrections become quite important: they increase the emission pro- 


bability for the K-LL group by 80%, while the probabilit 
; y of the K-Ly1L, t a 
tion is multiplied for the same reason by a factor of 4, aia = 


general to very 


1,00 
1, 86-0, 10 
0, 65-0, 08 
0,11-£0,04 
4,41-40,07 
0,40-40, 05 


Table 5 


Experimentally observed relative intensities of the lines in the K-LL group 
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3. Relative intensities of Auger-electron groups 
and lines; the K-LL group. The group in which the 
line intensities have been most thoroughly studied is 
the K-LL group. Table 5 gives the experimental values 
of the relative line intensities according to several 
authors. 

Table 6 gives the average values of the experi- 
mental relative intensities for all Z, with the data 
of Refs.2, 3, 8, 11 and 16 given the greatest weight. 
For large and medium Z, these values are pretty well 
established. The uncertainties are of the order of 
40% for K-Lolo and about 10% for the other lines. 

For Z < 50 the relative intensities are not as reli- 
able, in view of the discrepancies between the results 
of Sokolovski & Nordling2 and Moussa et al32,33, For 
these values of Z the uncertainty is of the order of 
30-35%. 

Table 7 gives a comparison of experiment with 
various theories. It will be evident from Tables 7a 
and 7b that the nonrelativistic theory does not give 
sufficiently good agreement with experiment even for 
low values of Z. The Asaad-Burhop (intermediate coup- 
ling) improvement of the theory does not significantly 
affect these results. For Z = 29 the intensity ratios 
for some of the lines differ from the Asaad-Burhop pre- 
dictions by a factor of as much as five (for instance 
for the K-L9Lo0/K-L}L) ratio). 

For Z = 80 the difference between jj coupling 
and intermediate coupling in the nonrelativistic the- 
ory becomes negligible (compare columns 5 and 6 of 
Table 7c). 

For the heavy elements the latest results calcu- 
lated relativistically for the K-LL spectrum (Table 
7c) are in satisfactory agreement with experiment. 

The nonrelativistic approximation for Z = 94 (Table 
7d) gives results which are in poorer agreement with 
experiment than the relativistic calculation for Z = 
= 80. Nevertheless the intermediate coupling theory 
gives good agreement for the intensity ratio of the 
two components which, according to this theory, make 
up the K-L Lg line. 

Table 8 gives the relative intensities of the 
K-LL and K-LM groups as calculated by Asaad and Bur- 
hop*, They obtained the matrix elements for the K-LL 
calculation from Burhop's results,2° and for the K-LM 
calculation from unpublished work of Rubinstein and 
Snyder. 

Tables 4-8 contain all the theoretical results 
on the intensity of K-LL lines published up to 1959, 
as well as most of the experimental data. 

4, K-LX and K-XY groups (where X and Y stand for 
any shells other than K or L). Although the experi- 
ments on K-LX groups are not very accurate, one may 
nevertheless conclude from Table 9 that the theory 
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Table 6 
Averaged experimental relative intensities of lines in the K-LL group 
ian FiO) L== 40) Zi 0) JA — SG) La 0 Z = 80 ZL == 90) Z= 100 
ine 

K—LyL 1,0 1,0 1,0 £0 a ee an ie ize 
Kote 32] 20] 14) 14 | 45 | 46 | 4.7 | 4,9 
= 1,4 GY ie 1 29 de A - 
Roe 14 | 08 | 05 | 0,8 | 0.2 | 0,15 | 0,40 | 0,10 
Ketel ~13 | ~5 ~3,3 | ~2,5 10" Ve. 1,0 1,2 Aas 
vesiein 1,9 {SF ue 46 13 | 10 | 0,7 | 05 | 03 
RIGLE OB RAY oe) SO eee cael eas iaes 


Fig.2. The K-LM/K-LL (open circles) and K-LX/K-LL (solid circles) ratios for dif- 
ferent Z. The solid curve gives the average experimental results for the K-LX/ 
/K-LL ratio; the dashed curve for the K-LM/K-LL ratio. The dot-dash curve gives 
the Asaad-Burhop4 and Pincherle28 results for K-LM/K-LL; the dash-cross curve 
gives the Pincherle28 results for K-LX/K-LL. 


corresponds only very approximately to experiment. For large Z the deviation 
can be explained by the fact that the theory does not include relativistic ef- 
fects. 

Table 10 gives the measured K-LX/K-LL and K-XY/K-LL ratios for various Z. 
The ratios are also shown in Figs.2 and 3. The same figures also give the theo- 
retical curves for K-LX/K-LL, K-LM/K-LL, K-XY/K-LL and K-MM/K-LL according to 
Pincherle28 and Asaad & Burhop*, In addition to the theoretical calculations 
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Table 8 
Relative intensities of lines in the K-LL and K-LM groups, as calculated by 
Asaad & Burhop4 in the intermediate coupling approximation 
(nonrelativistic approximation with H-like wave functions) 


Line = GR Gf — BY Vp, = MIG Z=80 
| 
Feet oy a 1,00 1,00 1,00 1,00 1,00 
KS e 2,99 2,80 2,40 1.77% 1,45 
Ke Lil, CPs) 0,047 0,047 0,047 0,047 0,047 
Kat Les 0,24 0,40 0,80 - 4,42 2,03 
K= Inbs(®Ps) 0,24 0,24 0,24 0,24 0,24 
Riza inhaling) 0,41 0,3 0,32 0,24 0,45. 
K Seeks D5) 6,08 5,54 5,08 4,714 4,32. 
ae PRIA (0,012 0,038 0,096 0,185. 0,28 
K — Labs (8P2) 0,47 0,86 4,30 472 2A? 
K — 14M, (353) 0,001 0,001 0,001 0,002 0.002 
KD MGGSo) 0,17 0,19 0,20 0,29 0,31 
K — L,M, (?Po) 0,005 0,006 0,007 0,044 0,013 
K=1M.GP;) 0,19 0,18 0,17 0,49 0,18: 
K —1,M5 (@P;) 0,035 0,059 0,114 0,25 0,34 
Ke— I,Me(@P2) 0,027 0,031 0,037 0,057 0,062 
K — L2M, (2Po) 0,005 0,005 0,005 0,006 0,006 
K —1,M, (Pi) 0,146 0,138 0,118 0,150 0,152 
K — IgM, (®P3) t -0,100 0,415 0,170 0,25 0,28 
K —L3M;\(@Ps) 0,023 0,024 0,024 0,033 0,035 
K — L,M, (Dj) 0,004 0,002 0,010 0,010 
k= ey) aS = 0,001 0,004 0,009 
RIM (D>) = 0,001 0,003 0,015 0,010 
k= MeeDs) = 0,002 0,005 0,022 0,022 
Ki Mas) | 0,080 0,077 0,059 0,087 0,071 
eS) 0,001 0,001 0,004 0,001 0,004 
K 3M @P3) = ae | 0,0004 0,001 0,004 
K — L3M3 (3Po) 0,020 0,029 0,058 0,125 0,142 
Ko Dol CPs) a 0,0002 0,0004 0,0009 0,0010 
K = Iai, (@P,) 0,087 0,34 0,39 0,75 0,80 
K—3L,M, (D3) 1,08 0,93 0,88 4,035 0,93 
K—I.M,(@D1) 0,001 0,001 0,001 0,002 0,002 
Kiz=Ls Me (Ds) 0,015 0,015 0,085 0,60 0,70 
K — L3M3 (Ds) = 0,002 0,003 0,005 0,005: 
K — L3M, (3Po) — — 0,0002 0,0007 0,0014 
K — LM, (°P3) -- 0,0003 0,0012 0,0030 
K—L.M; ("P 2) — — 0, 0006 0, 0026 0,0058 
K—I1,M, Pa — — 0,0004 0,0014 0,0023 
K—L;M, i) — —- 0,0004 ! 0,0019 0,0041 
K — L2M, (3D2) _ — 0,0049 0,028 0,053 
K — L3M, (?Ds3) — — 0,0099 0,138 0,315 
K —IsMs (Ds) = = 0,004 0,0055 0.0057 
K—L3M, (Fa) = — 0,0015 0,0057 0,0146 
Km lah (33) = = 0,0084 0,0225 0,040 
Ki, (3F 4) = az 0,0135 0,070 0,137 
K — L2M; (1F3) = 0,049 0,158 0,263. 
: K — 14M, 0,428 0,471 0,540 0,851 0,929 
2K — 15M; 1,312 1 1,118 1,471 1,486. 
2s — 13M; 0,246 0,527 0,770 i 2,0 2,485. 
K—LM ’ 
0,172 0,190 0,215 0,382 0,432 


K—LL 
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Table 10 


Relative intensities of groups in the K series 


K—LX K— XY 
a; KO, eh Ref. Remarks 
26 0,20-+0,01 [39] 
28 0,28 [40] 
29 0,252 [41] 
= 0, 292-40, 010 0,016--0, 002 [42] 
= 0,30 +0,02 0,017-E0 ,004 [33] 
32 0,34 [6] K—LM 
33 0,34 +0,07 0,013-L0,004 [43] K—LM & K—MM 
== 0,25 [44] 
35 0,33 [45] 
38 0,28 [46] 
43 0,48-+40,06 0,05-++0,01 [38], [47] 
47 0,49 0,054 [47] K—MM 
K-— LM 
= 0,71 0,075 [11] KEL =9: 63 
K—MM 
Koi pea 
48 0,45 0,056 [48] Ke MM 
49 0,417-0,016 0,076-+0, 008 [49] 
oe 0,429-+0,05 0,05 0,02 [38], [47] 
53 0,540, 03* 0,035-L0,010 [50 K—L(M,N) & [(K— 
— MM Ke 
54 0,51-++0,04 [51] Pa ty ae heb 
55 0,48-++0,05 [51] K—LM 
56 0,40-+0,04 0,08--0,02 [49] 
aa 0,50-+-+-0, 02 0,08-+40,04 [52] VY. Cie 
5138 | 0,32. [53] af 
62 ; [12] Key. 
64—65 0,43 [54] 7‘ 
68 0,50 [55] iM 
=. 0,525 0,075 56] a ra, 
70 0, 64-10 , 05 {8 Roi bcos 
i Neues Te 0,10-+-0,04 [57] 
it , [13] K—LM & K—LN 
78 0,82 0, 25%* [58] K—LM,K—LN&K—MM 
K —LM/K —LL ~0,61 
= 0,58 14 sca at : 
0,710,015 ee BEM RS Le 
80—81 0, 53-E0 , 06 [59] 
81 0,55 Herrlander 
cited in 
[18] 
83 0,64 [8] 
— 0,52 [16] K—LM 
e FO, 4 [35] 
84 0,55-40,03 [18] 
a 0,40 Ho ff 
cited in 
[18] 
93 0,58-40,03 0,085-+0, 008 [20] K—MM 


kee big On 


*Some use is made of the results of Bergstrom, °2 
**kAccording to Broyles et a149, the value measured by Steffan et a1¥8 
is 0.025. 
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70 


Fig.3. The K-MM/K-LL (open circles) and K-XY/K-LL (solid circles) ratios. The 
solid curve approximates the mean values. Pincherle's? theoretical results are 
given by the dot-dash curve for K-MM/K-LL and by the dash-cross curve for K-XY/K-LL. 


given in Tables 8 and 9 and Figs.2 and 3, there exist also the calculations of 
Rubinstein and Snyder (Ref.36 and some unpublished work). Their calculations give 
for Z = 18, (K-LM): (K-Lo;3M): (K-LL) = 0.04:0.11:1.00; 

for Z = 47 (cited in Ref.38), (K-LL): (K-LX): (K-XY) = 1.000:0.312:0.022. 

The 0.312 result is much lower than the experimentally observed value in 
this region of Z. 

The various theoretical results disagree, which is probably due to errors in 
calculation rather than differences in the basic assumptions. Figures 2 and 3 
show curves of average experimental results. When the error in measurement is 
reported as the same, the later result is given the greater weight. The errors 
for K-LX/K-LL are of the order of 5-10% in the middle of the curve, and 10-15% at 
its ends; for K-XY/K-LL this error is about 20-25%. 

An important fact is that the K-LM, K-LN, and K-LO spectra overlap to some 
extent in all atoms having N or 0 electrons. Therefore whenever an author claims 
to have measured the K-LM/K-LL ratio, he has actually measured at best 


(K— LM) + (K — Li (N+0)) 
K—LL 2 


while for Z > 72, he has measured 


(K — LM) + (K — £,.,(N+0)) 
KeaiG 


For relatively low Z and poor resolution, the ratio does, in fact, turn out 
to be K-LX/K-LL. For large Z and for sufficiently good resolution, one can use 
Table 11 to obtain a correction to the measured K-LM/K-LL value in order to deter- 
mine K-LX/K-LL (using, for instance, the data of Mladenovic and S14tis8). This 
situation was taken into account in constructing the average curve in Fig.2. The 
K-LX/K-LL curve differs greatly from the straight line the authors of several re- 
view articles!0,18,37 and others have given for this case; its shape approaches 
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Table 11 
Average values of line intensities in the K-LX groups 


Line 

Keio en 1,00 1,00 1,00 
K—L,™M, OF5 ~0,49 Mee 
K—I1,M, ~0,25 0,3 ~0,30 
Kos 0,3 0,3_ ~0,30 
K — LM a5 <0,05 <0,05 <0,05 
K— LM, ~0,15 ~0,15 ~0,15 
eed ~0,05 <0,05 <0, 05 
K —L,M3 0,8 0,4 ~0,30 
K —1LyMais al ~0,05 ~0,05 
K—L3M, ~0,25 0,2 0,4 
K—L3M, O25 0,4 ~0,35 
K—L3M3 Ov5 ~0,45 0,4 
K — gM 4,5 0,3 0,1 0,4 — 
=K—LM ~3,75 ~2,85 2,609 ‘ 
K—L,M :K—L,M : K—L3;M 1 eee O Oca Ooued : 0,9: 0,85 
kes N es 0,2 ().2 0,2 
Ke Nig — _ _- 
Dee 0,2 0,1 0,1 
K — L,Ni—7 ~0,05 <0,05 <0,00 
K — LgNy—~3 0,3 0,2 ~0,15 
K —L3Ni—7 ~0,05 <0,05 aia) 
K—LO — ~0,1 ~0,1 
xK — L(N+0) 0,8 <.0,65 0,6_ 
Kea XG ~4,59 ano ~3,20 
K — L(N+0)/K —LM ~0,21 ~0,23 ~0,23 
K — LL/K — Ll, ~9,7 ~6,3 ~9,65 
K —LM/K —LL ~0,39 ~0,46 ~0,47 
K—LX/K—LL ~0,47 ~0,55 ~0,57 


that of the Asaad-Burhop K-LM/K-LL curve, although it lies somewhat higher. Simi- 
larly, the curve of Fig.10 differs from the results of Wapstra et al119. 

Table 11 is constructed on the basis of several experimental works®,11,13,14, 
16,20 and on the assumption that both K-LN/K-LM and K-LO/K-LN are of the order of 
0.2 to 0.25 (in analogy with internal conversion69) and that (K-L,N):K-LoN): (K- 
L3N) * (K-L1M) : (K-LoM) : (K-L3M) , according to the same analogy. 

These assumptions do not contradict experiment. Some of the coincident lines 
have been "resolved'’ by using the theoretical values for their intensity ratios. 
The K-LX/K-LL ratio is taken from Fig.2. The value of K-LM/K-LL obtained is rather 
close to the result of Asaad & Burhop*, while the ratios (K-L)M) : (K-LaM) : (K-L.M) 
differ from theirs in that the fraction of K-L 4M increases with increasing Z. 

Table 12 gives Pincherle's28 theoretical results for K-XY groups; no more ac- 
curate results exist. Scant experimental data giving the intensities of some 
individual K-XY lines can be found only in two articles.11, 20 

The total probability for K-LX + K-XY Auger transitions was calculated by 
Mokhov and Urin®! for Z* 47 (in the nonrelativistic approximation with hydrogen- 
like wave functions). The probability obtained from their calculations is 


W(K SExy = Fy) 247-6010- 2 u 


or, if one takes W,(K-LL) from Burhop30, one obtains [(K-LX) + (K-Xy)] /(K-LL) = 
= 0.625. This is considerably closer to the experimental results than Pincherle's 
value of 0.82. The Mokhov-Urin method, however, cannot be used to calculate the 
individual line intensities. 

5. The L series. The intensity ratios of lines in the L)-XY, Lo-XY, and 
L3-XY groups depend on the relative number of initial vacancies in the given sub- 
shell, and differ for different modes of excitation. For instance, if the Auger 


= "1069" "= 


Table 12 
, Relative K-XY line intensities 
[ Saco el” | per. Ui) Theo.[28}) Exper, [11] 

saiesite Miz /|zZ=47 || bine Miz | Z=47 
K—LL, 1,00 1,00 KM Ny 0,004 
K — MM, 0,06 K — M4,5No,3 0,06 
K —M\Mg,3 0,24 0,184-0,10F| K.—NiN, 0,004 
K — M\M,,; 0,01 Rim Wag 0,01 
Sona 0,02 KING Ns. 0,02 

=v: 0,06 5 ; : 

Pi ee eo eshemmararye 22 Ae 
K — Mo,3M 4,5 0, 24 0,05 er 4> 29 0,075 ),058 
K — Mo,3Ny4 0,05 Ree XY VE = LL 
K — Mz,3N2,3 0,16 for Z=36 0,103 
A Mae 0,02 


transition follows L shell conversion of an Ml gamma, the L,-A;Y; lines will be 
more intense than those excited by E2 gammas, which rarely produce vacancies in 
the Lj shell. On the other hand, the relative intensities of lines in a given 
group (e.g., Lo- XiY; lines with different i and }) do not depend on the mode of 
excitation. There have, however, been very few studies of these relative intensi- 
ties. For the existing data see Section VI. 


IV. Fluorescence Yield for the K Shell 
The yield wo, of K fluorescence is defined as the ratio 


Weyer 
On = Weyet Wak ’ 


(10) 


where Wxx is the probability for x-radiation of the K series, and W,xis the 
probability for Auger emission of K series. 


A Wak 
The Auger yield a, is defined as the ratio Wee Woe: 


It is convenient to represent ow, in the following way. Since the probabili- 
ty for x-radiation is proportional to oe while the Auger effect depends only 
weakly on Z, Eq.(10) can be written 


1 
aZ OK hua = re Cre 
OK— 7b or ers = BZ (B * ) 


When one takes account of screening, one replaces Z by Z - 0; therefore with 
screening one obtains 
1 


[ox/(4 —ox)}t*=— A+ BZ (where A= 6B). 


Finally, assuming that one can obtain the relativistic cerrection by re- 
placing Z by Z(1 - OZ“), we arrive at62 


1 
[ox /(1 — ox) P= —A+ BZ—CZ (C =a). (12) 
The constants A, B and C are obtained from experiment by a least-squares fit. 
Empirical and semi-empirical curves for the K a ae begs eee or aon a 
values of A, B and C have been published in several papers.10,18,37,38,49,62,03, 
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Table 13 Table 13 gives the values of A, B and C as 
Constants of Eq. (12) obtained by a least-squares fit. Table 14 com- 


as found by various authors pares the latest (1956-1959)* experimental val- . 
ues of ox with the theoretical ones obtained from 
Eq. (12) with the constants taken from Wapstral0O 


C= Bat & Rat 22 af 10 
stants 1955) | (1956) | (1959) and Bergstrom. 
uy It cannot be said that the 1959 semi-empiri- 
if cal curvelO is in better agreement with the new 
capo’ = ke gor ee experiments than the 1956 curve, based on earlier 
C-108 1.35 1,14 4.03 measurements. 3% 


For the region 23 < Z ¢ 57, the two curves 
are very similar. They both give the K fluores- 
cence yield and the Auger yield with an error no 

greater than 10% at the edges of this region, and they give the same results for 
Z ~ 40-45. Both papers we are diacussing is 28 give results for the fluorescence 
yield for Z < 23 and the Auger yield for Z > 57 which differ considerably from 
each other and from experiment, especially for small Z. For Z < 20, different 
experiments give ox values differing by a factor of 5. For Z > 90 different ex- 
periments!2,20 give Auger yield ax values differing by a factor of 2. 


Table 14 
K fluorescence yield (comparison of 1956-1959 experimental results 
with theory according to Eq. (12)) 


ES See ee) tae oe ee Con— | Con— 
4 | Experiment Ref. | stants} stants |Z Experiment | Fee. stants | stants 
from [10]] Hrom[ss)|| | __| from(10]} from [38] 
| Hes. ] 

10 | 0,043+0,004 | [65] | 0,006 | 0,009 || 40] 0,70 +0,92 | [64] | 0,696] 0,698 
12) 0,008+0.003 | [66] | 0,014] 0,020 | a 2 = acs 64] | 0,715] 0,715 
{3 0,008-+0,.003 | [65] | \ Z 42| 0,73 +0,02 | [64] | 0,733] 0,731 
13 | 0.045+0.002 | [67] | f 9:0} 9-028 | 23! 9°70 40,03 | [38] | 0,750] 0,748 
22 | O48 $0.01 | [63] 0.470 | 0,191 || 45} 0,7860,015 | [64] | 0,780] 0,778 
23 | 0,30640.013 | [67] | Y 9 499 | 9.290 || 46] 0-79040,014 | [64] | 0,793] 0,789 
23 | 0,23 +0,02 | [69] | fo * “| 47} 0,824+0,015 | [64] | 0,805} 0,800 
24 | 0,219+0,012 | [70] 0,229 | 0,250 || 48| 0,827+0,014 | [64] | 0,817] 0,811 
25 | 0,308+0,015 | [65] 0,261 | 0,280 || 49| 0,87 +0,03_ | [66] | 0,828} 0,821 
26 | @,308+0,015 | [64] | 0,293 | 0,311 |/50| 0,83640,015 | [74] 0 938 |-0.830 
27 | 0.31 $0,01 | [71] | | 0,327 | 0,343 |} 50) 0,84640,012 | [a4] | forme | om 
28 | 0,366-+0,01 [64] Va a=0 0.376 || 3 0,91 +0,03 [50] | 0.863} 0,856 
23 | 0,33 +0,02 | [72] | j= = 57} 0,88 +0,04 [75] | 0,889} 0,882 
= 0.39 — o2 [72] | | 68 | 0,955+0 ,022 [55] 0,932 | 0,925. 
23 | 0,41070,012 | [64] | 0,392 | 0,409 || 70} 0,936+0,010 | [18] | 0,937} 0,930 
29 | 0.42 40,02 | [63] | | | | 84} 0,942+0,005 | [18] | 0,958] 0,950 
BD | Ordketo ore | 2 |} 0,426 | 0,442 |] 92] 0-96740.010 | [48] | 0,963) 0,955 
a4 pags S pe = i ) = || 93| 0,938+0,010 | [20] | 0,963] 0,955 
2 afi +4 iS Oy = ' — | 

31 | 0,53 40,03 | 3] | f A458] 0.471 | 


The results of Frey et al®5 and of Rightmire et al6© are not remarkable for 
eS accuracy. However, the value o, = 0.045 + 0.002 obtained by Susor and Char- 
~~ oe ae rottaipsiar Rexagat and is an indication that for small Z 

@g values given by earlier and especial 10 - 

= patios pec ly the later semi-empirical 

For reference, Table 15 gives the Wapstra et a]10 
tainty given by the authors is 0.005, independent of Z 
Z> 90 it is in fact two to three times greater. ; 


values of o,. The uncer- 
although for Z < 30 and 


’ 


ferent ©; measuremen 
by A.A. Konstantinov, whom the author thanks fo < taiwaaigiver 


r valuable discussions. 
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Table 15 
K fluorescence yield according to Wapstra'sl0 semi-empirical curve 


\ 
Z SoBe Z oR \ iy Ove Z OK 
(20 or02 36 0,605 || 58 0,895 80 0,954 
16 | 0,049 || 32 0,653 60 0.904 82 0,956 
ig | 0,084 40 0,696 || 62 0,913 84 0,958 
20 1) 0,490 42 0,733 64 0,920 86 0,959 
S941, O.AR0 44 0,766 | 66 0,926 88 0,961 
24 | 0,229 46 0,793 | 68 0,932 90 | 0,962 
26 | 0,293 48 0,817 || 70 0,937 92 | 0,963 
28 | 0,359 50 0,838 || 72 0,941 94 0,964 
30 | 0,426 52 0,855 74 0,945 96 0,965 
32 0,490 54 @.870 J ~ 76 0,948 98 0,966 
34 0,550 56 0,883 || 78 0,952 100 | 0,967 


Further refinements in ©, measurements for different Z are very important. 
Situations have been noted®2 in which a 10% error in w, led to a 250% error in 
the measured value of the K to L capture ratio. 

By using Tables 6 and 15 and Figs.2 and 3 together with data on the relative 
intensity of K series x-radiation1®© , one can calculate the number of holes form- 
ing in each of the L subshells per vacancy filled in the K shell. The results 
of such calculation are given in Fig.4. For nx_,,, for instance, we made use of 
the equation 


Pe See ey (SE IRIs) EK = GX)”, Wx (1,-K) 


Nx —L,= (1 — Or) ty ak Lx) Kar) Pica C) 


Wx 

As intermediate values, we used the averaged values of the ratios (K-L 1X): 
: (K-LoX) : (K-L3X) (Table 16). These were obtained by interpolating and extrapolat- 
ing the data of Table 11. For Z = 30 we took (K-LoX): (K-L3X) from Asaad and Bur- 
hop*, and (K-L1X) : (K-Lg 3X) as the average of their result and those of Bellicard33, 
The ratios have errors of the order of 5 to 10%. The same table gives the number 
of vacancies in each subshell per electron of the K series, entering into (13). 
The error here is also of the order of 5 to 10%. The error in the results given 


in Fig.4 is of the order of one-third of the value of nx , The sun ri, accord- 
ing to Fig.4 is about 5% greater than Fink's value.’7 For Z > 50, the value of 
nx, given by Fig.4 is almost the same as that of Wapstra. 10 

In order to obtain a theoretical value for the K fluorescence yield, one must 
calculate the probability of Auger and radiative transitions of the K series. This 
was first done by Wentzel27. Nonrelativistic calculations of Burhop* and Pincher- 
1e28 give B = 0.032 in Eq.(11). More accurate calculations were performed only 
for some isolated values of Z. According to Rubinstein and Snyder36 (a nonrela- 
tivistic calculation including screening by the Hartree self-consistent field), 
@g is 0.13, 0.67 and 0.8 for Z = 18, 36 and 47, respectively. Relativistic calcu- 
lations by Burhop and Massey29,76 using hydrogen-like wave functions indicate that 
relativistic effects increase the Auger yield (i.e., the value of 1— ox) by a 
factor of 2 for Z = 79, and by 20% for Z = 47. Finally, Asaad° found that ox = 
= 0.961 for Z = 80 (a relativistic calculation with screening included by the self- 
consistent field method, and with corrections for exchange) . 

In his calculations Asaad used the following falues: WW/.(K-LL) = 49:19110-3 
(au)7~1 (see Table 4), Wx(K-L) = 1°713 (au) 71 (here W,(K-L) is the probability 
for K-L x-radiation), and Wx, = 2.186 (au)71 (the total K series x-ray proba- 
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Table 16 


in the L subshells caused by Auger transitions per K series Auger electron 
pchecetaiesienientanh.  WiMaaiciNteA, tah MRE i NAC Se Se 


Vacancies in the 

Ko bX 1G Jor Ree Te subshells 
Z ie 7 =: = mae 

Tee cs JPR ges ik, = Jb 4 a a 
30 0,28 0,49 0). 0,28 Onae 0,68 
40 0,29 0,37 0,34 0,38 0,60 ‘0,68 
50 0,30 0,29 0,41 0,45 0,50 0,68 
60 0,33 0,26 0,41 0,50 0,45 0,65 
70 0,37 0,24 0,39 0,55 0,43 0,59 
80 0,40 O23 OFS 0,60 0,43 0,53 
90 0,43 0,21 0,36 0,65 0,43 0,46 
100 0,45 0,20 On35 0,70 0,45 0;40 


bility.5,76 In accord with Pincherle28, it was assumed that 


(Kia LX) Stk LY ) 
aes = 0/82) 


The value 0.961 is somewhat greater than the experimental average for Z = 
= 80. If, however, one takes from Figs.2 and 3, one obtains 
Ox = 0.955, which is closer 

to the data of Table 15. 


(metre kee) 
Reld 


V. Coster-Kronig Transitions 


A special type of Auger 
effect is one in which the hole 
goes from one subshell to an- 
other in the same shell. Such 
transitions are called Coster- 
Kronig transitions. In such 
transitions there are ejected 
very low energy electrons from 
the outer shells. From energy 
considerations alone it is pos- 
sible for transitions of the 
form Lj — LoN, L; — L and 
the like eo eae put ated 
all values of Z. Thus, for in- 


30 50 70 90 Z stance, an L}—~L3=Ms transition 
Fig.4. Number of holes produced in the L sub- is possible only for those Z for 
shells per one vacancy in the K shell. which the difference in binding 


energy between the Lj and L 
subshells is greater than the binding energy of the M electron in the Z + 1 atom. 
For this (most important) case we must have either Z < 50 or Z> 73. The proba- 
bility for such transitions increases with increasing energy of the ejected elec- 
tron. 

Many important phenomena of x-ray spectroscopy are related to the Coster- 
Kronig effect: for Z > 73 there is a sharp increase in the width and decrease in 
the relative intensity of x-ray lines associated with transitions from the Ly 
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bs ; Table 17 
regions in which the most important Coster-Kronig transitions of 


the L and M series are possible 


Transition . Transition Z |Trarisition| Z |Transition| Z 
ey) ENS Group 
Ly 1a, | 522 L, — LyMy For no Z| Lt 2M |S29)) Za Zea |<70 
L,—L3Mz | <36 Ly, — L3M» Tita <33 Tal aNa ae 
I, —LsMz | <36&>91 | L, — 13M <99 | L:—Lam, |<34] 1a, |<80 
Ly — IgM, | <49 & S77!) Le —L3M4,5'<30 & S9l |) Ly —L2M, |<40) Ly— L2Nq |<91 
Iy—L3M; | <50 &>74 Bent Me 42h Lael Ng B04 


L, — L2Ne,7; L1 —L.0; I, —L3(N, 0) & Lz —Lsa(N, O) possible for all values of 
% for which there are N and O electrons ~ 


b) M— MX-Group 


My — M2M,4,; <33 | M, et M3M4,5 <33 | My; = M,M,4,5 <34 Ms bgt M;N; 1<90 
M, — M,N, <46 M, — M3Ny <49 | M3 — M,Na,5 <84| Ms; — M;N4 <88 
M,;—M2Nos| <52 |\Mi—MzNs| <86 ||Ms—M,Ns |<70| Ms—MsNe |<76 
Mi—M2Nas| <70 |M,—M;M;| <44 ||Ms—M,N2 |<65| Ms—MsNo |<70 
Mi—M;Ne7| <390 Mz — MsM,s|<47 & >66| Mz — Mi, <54| Mg — M;N, |<56 
My, — M,M,4,5\ < 42 M, — M,N, | <87 | Ms —_— MM 4,5 <3) M;3z— M;M, < 36 


subshell, and intense satellites appear in the L series.78-82 A theoretical cal- 
culation of the probability for Coster-Kronig transitions and of their contribu- 
tion to the width of the levels has been carried out3l only for Z = 79. Some ap- 
proximate results were also obtained by Pincherle28, 

Table 17 gives the Z regions in which L and M series Coster-Kronig transi- 
tions are possible. The ratio of the number of vacancies filled by Coster-Kronig 
transitions to the total number of initial vacancies in the given subshell is 
known as the Coster-Kronig yield, and is denoted by fx,x; (the relative probabili- 
ty for a hole transition from the X; subshell to the X; subshell). 

The term “Auger yield" is usually used only for transitions in which the ini- 
tial and final vacancies are in different shells. The sum of the Auger yield, 
the Coster-Kronig yield, and the fluorescence yield is unity for each of the sub- 
shells. 


VI. Fluorescence yield for the L shell 


It is possible to calculate and tabulate the Z dependence of the fluorescence 
yield only for each of the three L subshells, i.e., 7), @12 and  3- The average 
fluorescence yield ©, for the shell as a whole may be different for different ex- 
periments and for different isotopes. This is because the initial vacancies may 
be distributed over the three subshells differently as a result of internal con- 
version of y-rays of different multipole orders and energies, of L capture with 
different transition energies, and of atomic excitation by x-rays or particles. 

Let us write 7m, m2 and ns for the relative numbers of initial vacancies in 
the three L subshells, so that 

ny + N+ N3 = “Sf (14) 
3 be the fluorescence yields for each of the three sub- 
be the corresponding Auger yields, and fie, fig and fs the 
corresponding Coster-Kronig yields (the hole undergoes transition from the L sub- 
shell denoted by the first index to the subshell denoted by the second). In addi- 
tion, let Xi, X2 and X3 be the number of x-ray quanta with energies corresponding 


further, let 1, 2 and 
shells; let ai, a2 and as 
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to transitions to each of the subshells, and 
Auger electrons. 1 

Then the mean fluorescence yield ow, and 
of x-rays plus the number of Auger electrons 
will be 


Or — Xy+ Xo+ X3 and 


and further 
Aye 4, 
X5= Wz (Mg+ fi2m1); 
X y= 03 [N3-+ f13%-+ fog (M2 + fisty)]; 


let Ai, Az and A; be the number of 


the mean Auger yield a, (the number 
per initial vacancy in the L shell) 


ay, = A,+ A,+ Az, (15) 
A= a4n;,; 
Ay= dg (M+ F127); (16) 


As= a3[N3+ fist fos (Mat frems)]- 


According to (16) the number of x-ray transitions to the Lg level, for in- 
stance, is given by the number n, of initial vacancies in the Lo shell and the 
number /,,-n, Of holes undergoing transition from Lj to Lo. 


From the requirement that 


or+ a; =A 


(17) 


for arbitrary n;>0consistent with (14), follow the three obvious identities 


®3-+ a3 = 15 


Wo-+ A2+ fog = 1 


@, G60 
/ 
/ 
8 i 
040 
0,06 
020 
402 
30 50 70 90 a 
Fig.5. Mean fluorescence yield for the L shell. The 


solid circle points and the dashed 
soft x-ray excitation.83 ‘The open 
as obtained from radioactive decay 
the ordinate scale is increased by 


line give ©, for 
circles give w,, 

data. For Z < 50 
a factor of five. 


and 0+ 4+ fie + fis = 1. 


(18) 


If the excited 
states are produced by 
photons whose energy is 
greater than H(l3), but 
less than L(l2), then 
lm =nz =O and @s3 can be 
measured independently. 
If the L shell is excited 
by soft x-rays, then 
m: ne: ns~1:2:3.63 In 
excitation by electrons, 
m:n2:n321:1:2.63 In 
internal conversion and 
in electron capture with 
transition energies less 
than the K-shell binding 
energy, the mn; are propor- 
tional to the L-subshell 
conversion coefficients 
or the L-subshell capture 
probabilities. 

If K conversion or 
K capture are possible 
on the basis of energy 
considerations, then one 
must add to the number 
of vacancies produced by 
L capture or conversion 


~ 
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Table 18 


Mean L- oO abtainad 
shell fluorescence yield 6, for several Z, as obtained from 
radioactive decay studies f 
Z oy bes 
= Ref. Subshell ; @ 0) ° 
(daughter) OL Type of decay excita— Heo ae 
| tion PAGO lees 
23 0,0024+0,0003} [69] Electron capture in Cr61 eos ek we 
29 | 0,0056-L0,0008| [69] " Zn6 5 {:2°4:2\4 a 
31 | 0,0064-E0,0009| [69] " Ge71 Pet ae 
47 0,029 +0,003 |[84,85,77] " Cq1oe | 1:1,8:2,8|0,04710,095 
: &3-conversion in Ag199 hae 
04 0,10-++0, 014 [86] Electron capture in Cs131 SAL 8 pis) OO (0) 4 
63 | 0,17-40,02 [87] " Ca15s* [1 0,45: 0,7510,155|0, 19 
72 | 0.170702 [88] ; Tai7ox%*!1:6:9 — |0,23 0,26 
80 | 0,34-£0,04 [89] n py2o4a | 1:1,7:2,3 10,35 (0,38 
80 0,37-L0,04 [90] Conversion (mainly £2) in | 1:3,3:3,5 0,35 0,38 
e199 
st | 0,50440,02 [24] 6 1:0,1:0,01/0,39 0,39 
81 0,39--0, 08 ie M1-conversion in T1298 1:0,1:0,01)0,39 [0,39 
81 0,32-40,02 [82] 1:0,1:0,01/0,39 10,39 
82 | 0,390,02 [72] Excitation by x-rays ~142 23) 10,39 10-40 
81—83 | 0,48-+0,02 [23] Conversion (mainly M1) in 1:0,5:0,8)0,39 |0,40 
Cav. eit ; T1208, Bi212, Pb208 
83 0,51-40,03 [24] \eonversion (mainly M1) in OMe Onl Ons Oa ORCeL 
. 0,40-+0,03 [82] i212 1:1,5:2,8 (0,38 |0,44 
83 0,40-+0,02 aK \ LO) SOHO) al 0) 4a) 
83 0,41-++0,07 aK Mi-conversion in Bi210 Le @.4 2OQUO. 4a) |. 
83 | 0,38-40,02 [91] 1:0,1:0,04]0,44 |0,41 
88 0,52+0,04 [92] E2-conversion in Ra226 1:32:26 [0,51 10,43 


*Coincidence counting eliminated L x-rays after conversion. 
**Only L x-rays in coincidence with K x-rays were counted. 


***According to Ross et a181 on the basis of measurements by different authors 
before 1955. 


***k*Based on the measurements of Kinsey?3. 


the number of vacancies produced in the K shell by K-L transitions, which can be 
calculated with the aid of Fig.4. 

Fig.5 gives the mean fluorescence yield @, as found by various authors. The 
solid circles and dashed line give the results of Lay83, which were obtained by 
x-ray excitation of the atoms, so that m:n2:n3 = 1:2:3 (or, according to Ross, 
et al. ,8t 1:1.7:2.6). The open circles represent values of w, obtained from radio- 
active decay (data taken from Table 18). 

For Z < 80, the radioactive decay values of ©, are found to be much lower 
than those obtained from x-ray excitation. For Z > 80 the opposite seems to be 
true at first glance. However, it has been pointed out by Winkenbach82 that in 
the light of new measurements of the number of initial vacancies in ThC', the val- 
ue of 0.50 for ®, for Z = 81-83 is an overestimate. 

It is seen from Table 18 that when the K shell is excited, the radioactive 
K-Lg and K-L3 transitions cause m1: 72:73 to depend only weakly on the nature of 
the initial excitation. Further, it may be noted that for Z ~ 82 the mean value 
of w, is fortunately nearly the same for different modes of excitation. 

The methods for finding the Auger, fluorescence, and Coster-Kronig yields 
for the L shell have been discussed most thoroughly by Ross et a181, and by Kin- 
sey93. 

The quantities measured in experiments are the ratios Ai: A2:As and Xi: X2: 

- X; and the mean fluorescence yield 1 —a,=®,. With this data it is a simple 
matter to use (15) to obtain the Ai, As, As, X1, X2 and Xs. If ni:ne:ns is known, 
one may use (16) and (18) to obtain the four quantities 
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Table 19 


Measured values of the fluorescence o, the Auger a; and the 
Coster-Kronig yield /;, for the L subshells 


iis) Z =81+83 (average) Z =83 S_ 
au Eg 
o ae WA 93 [s4]~** [95] ox 
CE [24] [23] Salers 
ay 0,28-+0,06 0,15] 0,070, 02 0,11-40,03 Oe Fay Cre: 
as 0,63-40, 24 0,34] 0,46-+0,09 0,620, 14 0,68 {0,55 
ag 0,950,014 0,54] 0,59-£0, 05 0,600, 05 0,66 |0,66 
oe 0,24] 0,19** 0,19-+0,05 0,16 |0,16 
ee } 0,66+-0,07 0,52] 0,58** 0,58-F0,05 0,62 |0,60 
fos 0, 26-40, 26 Ox | 0 Oem A AE O* 0 
043 “ae 
or 0, 060,06 7 | 0,08 1.0.46 0,12-40,01 0,44 {0,12 
0.14 +0,50 
a 0,11 0,66} 0,54 0,32.0,04 0,32 |0,45 
3 0,05+0,01 0,46] 0,44 0,40-+-0,05 0,34 0,34 
ie 13: |Z Z ZL HWA 78 = 79) Z = 81 Lin lz 83 | Z 90| z 92) — 
| | 
[96] [82] | [97] [96] [97] = 
ws | 0,194 _ 0,24410,262| 0,276 |0,33+4] 0,32 | 0,337] 0,367] 0,42 ee 0,34 
+0, 02 


*Assumed in order to obtain the other quantities. 
*kAccording to Ross et ai81, 
*kkCalculated by Ross et a181 from various data81,98-100 on the L Auger and 
L fluorescence spectra in RaD decay and in x-ray excitation. 
**kkxkASsumed here, using Kinsey 's93 results. 


Xy és Ay . 1 Ag 5 4 X3 


saat Ose 3 odes ag 1p ‘As ° ae) 


In order to obtain the remaining five quantities, 2, a2, fie, fis and fos, one 
needs another relation independent of (14)-(18). There are two ways to obtain it. 

First, one may set /,,= 0 (which will not alter the final result too drasti- 
cally®l), ‘The according to (16) 


a att Zak fs = 0). (20) 


We =o 


The remaining quantities can be written in terms of ®, in the form 


healer his= 1 —a,— o> fie. (21) 


Second, one may use the results of additional series of measurements of the 
L spectrum for the same Z but with a different distribution of the vacancies over 
the subshells (say, by exciting L fluorescence by x-rays or by studying the radio- 


active decay of two different isotopes). According to (16), 348 and should 
1 2 3 


be dependent upon the distribution of the initial vacancies for a given Z. It 
is sufficient, for instance, to find Xj: X_: X35 and o; depending on a new distributio. 
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aa Table 20 
elative L series Auger line intensities 
| Z= 8h Z = 83 eee oa Z = 83 Z = 83 
: ; Average Aver 
Line - (24) eae cen a [95] 
Bi2!?—> T1208 Po22->. Biz” Pb??? > BR? > 210 _, Pj210 
a B B B(a) ey B Bi Pp2!° -+ Bj21° 
—> Po*2(T12%8) B 
L, — MM 22,9 toh 4,04+4,5 
2s ; ) 7¢ ’ ’ NP —— 

L, — M(N-+0) 3140) — Pako’s aye = 
Ly — N(N+0O) — — On2 4 ,6** — 
X(L, — XY) 26 8,9 5,5+1,86 ~17 15 
L,— MM 10 12O 18,6+2,2 20 —- 
L, — M(N,O) 11 Dee 6,4-+40,4 6,7 = 
L, — N(N,O) = — 0,6 ax —_ 
x(L,— XY) 24 22 25,6-+2,6 ~27 25 
Ls — MM 37,6 53,0 50,1-++0,7 41 = 
Ls, — M(N-+-0) Lae 1650 17,6-+1,1 42 = 
I; — N(N+0) — — 1,2+0,2 3 — 
x(Ls — XY) Doe 69,5 68,9-+-2,2 56 60 
L— XY 100 100 100 100 400 


*The Lj-M4Ms5 line is the most intense in each of the L4y-XY groups2 (for 
Zz Ss 81-83) ° 
*kLines coincide. 


Ny: Ng: Ng. By combining the results of two such experiments one can find o, for 
instance from the expression 


, , 
Xon, — Xm 
Wo SSO 


nan = nn i (22) 


and then use (16) and (21) to find the four remaining quantities a, fi, fis and 

fos. From the remaining measurements one can either find @, 4,, etc., by going 

through the procedure again, or one can fill in the gaps in the first series of 

measurements. Table 19 gives the fluorescence, Auger, and Coster-Kronig yields 

for the L subshells for those few cases in which they could be measured. To find 

them, the various authors23,24,81,95 have used the data collected in Table 20. 
Auger and Coster-Kronig yields for the L subshells could be calculated if 

one knows the radiation widths I'x, and total widths [; of the levels involved, 

as well as their widths I., and li, with respect to Auger and Coster-Kronig transi- 


tions (where i,k = 1, 2, 3). Then 


r Bec 
ma ts go faa i T=Tx, tle t+ Bile. (23) 
t a c>i 
There is still too little experimental and theoretical data on the widths for the 
yields to be reliably calculated in this way. Attempts to perform such a calcu- 
lation have been undertaken by Kinsey23 for Z = 73 to 92, and later by Kinsey's 
method86,62 for Z = 54 and Z = 47. The results are given in Table 21. 

It has often been said that the values of w; in Table 21 are too low, at 
any rate for Z < 90. This is because the calculations are based on values of 
Ty, taken from Massey and Burhop’©, which are too low. For instance, Massey and 
Burhop find by interpolation that the probability for the K-Lg transition for 
Z = 80 is 1.020 per atomic time unit, while by more accurate calculations® it is 
1.163, a difference of 14%. The width of the K level for Z = 79 and Z= 51 is, 
‘according to these authors 10-15% less than the average experimental value as 
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Table 21 


Fluorescence and Auger yields for the L subshells, as calculated 
from the total and radiation widths of the levels 


Cal cu— Z=47| Z=54 | Z=73 z=1|z=1|2=79| z= 81 | =83 | z= | 2=9 
lated 
quantity] [62] [86] [93] 
©, | 0,011] 0,047 | 0,47 | 0,410 | 0,400 | 0,080 | 0,090 | (0,100) | (0,150) | (0.160) 
w, | 0,032] 0,025 | 0,31 | 0,33 | 0,37 | 0,39 | 0,43 | 0,46 | 0,56 59 
ws |0,030| 0,03 | 0,48 | 0,20 | 0,23 | 0,25 | 0,27 {0,30 | 0,39 | 0,44 
ay 0,983 0,12 | 0,08 
om 0,975 | 0,69 | 0,67 | 0,63 | 0,61 | 0,57 | 0,54. | 0,44 | 0,41 
ay 0,970 | 0,82 | 0/80e-| 0,77 | 0,75 | 07350) 0,70 1) 1.0, Glumn tO; 0e 
fe O* 0,12** | 0,12** 
fe o* |0 | 0,42 | 0,54 | 0,65 | 0,67 | (0,70) | (0,60) | (0,60) 
fos Ox Ox Ox Ox O* Ox Q* Ox O* 
Oe 0,03 | 0,48] 0,21 | 0,24 | 0,27 | 0,29 |0,32 | 0,40 | 0,42 


*Assumed to obtain the other quantities. 
**Added by Kinsey93 to the calculated values in order to obtain the best 


agreement with his experiments. 
**KWe take the excitation ratios Ly:Lg:Le = VOOR MOR Ih 


Table 22 
Level widths and fluorescence, Auger, and Coster-Kronig yields 
Tj, ev Tx, ev oj | a; tik 
a) 2 |S [Fl BS tek er a geujeGa|e@ | 8 

Wee ele lat sail ctl cle teste ae aes me 
a = =) 19 Ss 1d io i ~ 16 7 St aod a= i * ine 
mi. t I ie ea: I I I} W}2Qp ts] taf Is l= 
N N N | ON N N Nin INSP nln Sing C2. Ne 

Ty 0,0 | 9,61 4,9 2,814,9}3,0|0,115) 0,16 |~0,05]} 0,3 | 712.~0,6 

153 || Baad |) Po |) 2nt | ea 3,0) 3,0] 2,5 0,153] 0,22 |~0,09|~0,7 | fis<0,05 

Lz | 2,4 | 2,0 | 4,1] 4,7 |2,6+0,1/<4,06|/3, 4] 3,4 2,6 |0,125]0,18|~0,07| 0,93] fas~0,2 


*Assumed by Kinsey93 as the most accurate value. 
**The intensity ratiaof apeye from the L —N, O and L — M transitions 
are taken from Kinsey and Bethe, 93,108 
**k*kUsing the value of w; chosen here and the estimates made. 


given by Sachenko.191 Since @; is relatively well measured, Tables 21 and 19 

point to the same conclusion (the difference in ws is about 10-20% for Z> 73). 
The reason Massey and Burhop have this low value of wo; is that they use the 

Slater screening constant. This method for including screening will also lead 

to an L shell conversion probability too low by 30%.192 A second reason why the 

@, in Table 21 are so small is that the total width measured by Sandstroml93 ana 

used by Fink and Robinson8® to calculate o; is an overestimate by a factor of 2.* 

As a consequence, the calculated L-shell fluorescence yield is clearly smaller 

than the experimental values of ©, for Z< 90. On the other hand, Kinsey's extra- 

polation to heavy elements gives results in good agreement with measurement for 

Z = 94 (see Vandenbroch et a1104 and a reference to N.H.Lazar by Foucher1l95) , 

By comparing recently measured fluorescence yields for Z < 80 with Lay's results 
*In using Table 22 to compare widths for different Z' 

mind the fact that T;, increases sharply for Z < 50 and Z eis ee 


~ 
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(see Fig.5), one sees definitely that for small and intermediate Z values Lay's 
results are too high. 

Table 22 is an attempt to give an estimate of the widths corresponding to 
the Auger, fluorescence, and Coster-Kronig yields for Z = 54-56. The value for 
T,, is taken from Green.106 According to all the data, T,, is of the same order 

as I';,. The value of I, is obtained by decreasing Sandstrom'sl03 results by the 
same factor as is necessary to obtain the corrected value of I';,. Such a choice 
is supported by the data for Z = 73 and Z = 47.93,107 ‘The radiation widths are 
found by interpolating the Massey-Burhop?’6 results. The contribution from 
L — (N,0) transitions is included in a well known way.93,108 on the basis of 
the above discussion, the Massey-Burhop widths are multiplied by 1.4. The values 
of o; obtained from Eq.(22) are close to those of Burford and Haynes94; the gq; 
are taken from Burford and Haynes on the basis of the ; obtained. In this Z 
region 7,, should play a predominant role, since low-energy L)-LoN Coster-Kronig 
transitions may take place (see Table 17). On the other hand, jis Should be small, 
since L)-L3M transitions are impossible for 50 < Z < 73, while L,-L,N electrons 
have high energy. Coster-Kronig electrons of the Lo-LoN type will give a contri- 
bution to /,;. The sum /,,+ /,. is taken from Burford and Haynes. 94 


ies = Q2 
Qi a T Slt \7 , 
LE Pon 
50 60 70 80 90 100 


Fig.6. Fluorescence yields o, (solid curves) and Coster-Kronig yields /;, (dashed 
curves) for the L subshells (i, = 1, 2, 3). 


Fig.6 gives curves for the fluorescence and Coster-Kronig yields zon the L 
-sgubshells. The curves are constructed in exactly the same way as Kinsey's. 
From considerations similar to his, radiation, Auger, and Coster-Kronig yeahs 
were chosen for each Z from 47 to 98. The method is different shea ea! Se 
= 4 and 56 (Tables 19 and s included, 
that 1) experimental data for Z = 47, 5 
= : % = 55 and Z = 82 where used as check 
and the curves are extended to Z = 47; 2) 
points, for which all data was taken from Tables 19 ore! 3) a nora ay ae 
linearly from @ = o Z= 82, 
umed not to be constant, but to increase 
ia eeeu more rapidly for Z > 82; 4) the Massey-Burhop?6 radiation widths were 
increased by 40%, 20% and 10% for Z = 51, 79 and 92, respectively; 5) as indi- 
cated in Table 17, use was made of the fact that the Coster-Kronig width I, 
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changes sharply at Z = 51, 73, 91 and 92. For other Z regions, the I, values 
obtained for Z = 55 and 82 were reduced (increased) continuously with Z in ac- 
cordance with the increase (reduction) of the Coster-Kronig electron energies. 
It was assumed that the Lo-LoM, transitions cause [23 to increase for Z> 91 
in the same way as I's ineronseeeter %> 73. Of particular interest would be an 
experimental verification of the cusp in the curves at Z = 91 and 92, as has al- 
ready been done for Z = 51 and 73. 

The most accurate curve is that for w; for it passes essentially through 
experimental points given in Table 19 (the error is less than 10% for Z = 73 to 
92, and of the order of 15-20% for other Z). The curves for wi, 2 and f,, have an 
uncertainty of about 20%. The fe: and fi, curves are the least accurate; they may 
contain errors greater than 40%. 

A comparison of the measured and calculated ay is given in Table 18. The 
measured values fall in the vicinity of those calculated from Fig.6, differing 
from them roughly equally in both the positive and negative directions. 

It seems that in spite of the rather poor accuracy of the data of these 
curves, until better yield measurements are obtained for the L shell, they are 
more reliable than, for instance, those of Lay. 


VII. Fluorescence yield for the M shell 


It was found that under x-ray excitation®3 w= 0.06 for Z = 92. For Z = 83 
(Pb210_4Bi210 gecay), w, = 0.046 (H.Jaffe, cited by Burhop®2). Burhop has sug- 
gested the following approximate expression: @ y= 1.7°1079(Z-13) 4. 

The calculations of Ramberg and Richtmyer3! for Z = 79 allow one to evaluate 
the fluorescence yields for the M subshells. One obtains 0.0050 (My), 0.0084 
(Mrz), 0.0045 (Myzz), 0.017 (Mzy) and 0.019 (My). Most of the vacancies in the 
My, Myy and Myyz subshells are filled by Coster-Kronig transitions. 


Scientific Research Physics Institute, 
"A.A. Zhdanov’ Leningrad State University 
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Note Added in Proof: 


Some new work110-116 on Auger electrons appeared early in 1960. 
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The seventh 


Auger line K-L13(3P9) in the K-LL group was observed in Sm (Z = 62) and in Gd 


(Z = 64),110-111 The measured intensity agrees with theory. 


The relative inten- 


sities (Iye1) of the lines in the K-LL group are given in Table A,110-113 The 
following values of I,,, are reported K-LX/K-LL = 0.496 (Z = 80)113, K-XY/K-LL = 


= 0.094 (Z = 80) and K-LX/K-LL = 0.49 (Z = 70)114, 
measured I,.) for fifty lines in the L series (Z = 80). 


Nall, Baird and Haynesl13 
The fluorescence yield 
ox for the K shell is 


Table A found to be 0.952 (Z = 
Sisse: = 80)113, cea = 75)112, 
eee eg | oe Beal gee A geek 0.936 (Z = 70) , 0.38 
Line Wsl plus} 1 Line fio) | tiny | 12) | (118) © (Z = 28)115, and 0,093 
N=| NE |S] 3 (Z = 17)115, The fluores- 
cence yield wo, for the L 
K—IyLy, 4,00} 4,00|4,00] 4,00 || K— LL, | 0,26 | 0,27 | 0,1 0,40 shell is found to be 0.047 
K—LL, |1,39|4,404,4 | 1,32 || K—LZels | 3,44] 3,08] 2,0 11,28 (Z = 479115, 0.41 (Zs 
K—I,L3  (|1,47|4,30/4,4 | 0,85 || K—LsLs £30 14928 lo 95 ui, 0,70 = 80) 113 | 0.38 (Z = 81-83) 
(Lee, cited by Nal1113), 
0.19 (Z = 65), 0.20 (Z = 
s = 70, 0.24 (Z = 72), 0.34 (Z = 80), 0.37 (Z = 80) and 
Table B 0.385 (Z = 82) (Lazar and Lyon, cited by Robinson and 
Fink116) , and 0<¢01<0.08 (Z = 70)114, The Auger yields 
a; and Coster-Kronig yields fix for the L subshells are 
Z | My a | oo a, = 0.16, a2 = 0.46, a = 0.607, frtfis = 0.74, fo: = 
= 0.22 (Z = 80)113 and «a, = 0.324, a = 0.56 + 0.07, 
73 Or2d=1e O23 4> 0728 a, = 0.95, fetes = 0.58, f3 = 0.34 + 0.07 (Z = 56) 113, 
78 0,28 0.34 0,35 These data are in approximate agreement with Tables 19 
79 0,32 | 0,27 ° 0,36 and 22 for Z = 56 and 82. For the L subshells o, = 0.32 
82 0,35 | 0,24 0,37 (Z = 80)113; the »; obtained by C,E.Roos (private com- 


ment with all previous ones and with estimates for Z = 
on which the graphs of Fig.5 are based. 


U 


munication to Robinson and Fink116) are given in Table 
B. These last two measurements are in sharp disagree- 
73 to 82 (Tables 19 and 21), 
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INFLUENCE OF MAGNETIC FIELDS ON RESONANCE ABSORPTION OF GAMMA-RAYS 
- V.A.Lyubimov & A.I.Alikhanov 


Méssbauer's! discovery of the emission and resonance absorption of y-rays 
without energy loss to nuclear recoil has made it possible to observe the Zeeman 
splitting of nuclear levels directly and to measure their magnetic moments. Sever- 
al investigators2 have independently directed their attention to this possibility, 
in particular one of the present authors (A.1.A.). an 

For purposes of observation we chose the 23.8 kev y-transition in Sn 
(lifetime - 2.67:10-8 sec, i.e., level width - 2.5°10-8 ev). The half-life of 
Sn119m ig 250 days. In spite of the low thermal-neutron capture cross section 
of Snl18, a source of the required activity is easily prepared. From the 89 kev 
isomeric level, the Sn!19m nucleus undergoes transition to the 23.8 kev level 
by emitting conversion electrons (from the K shell); from this level it decays 
to the ground state mainly (87%) through conversion on the L shell, but 13% of the 
time by emitting the desired y-rays. 

Thus the radiation from Sn119m consists of 23.8 kev y-rays and Sn x-rays 
with an energy of about 25 kev. 

In a mixture of Sn isotopes there is another very strong emitter of x-rays 
of almost the same energy (24 kev). This is Inl13 which is formed from Sn112 
by neutron capture with a relatively large cross section. For this reason we 
used a tin sample enriched to 96% Sni18, in which the Snl12 impurity was less 
than 0.05%. 

Resonance self-absorption in the source depends on the amount of stable 
Sn119, which if present in a high concentration will greatly restrict the pos- 
sible source thickness, and therefore also its intensity. In our sample, the 
Snl119 impurity was of the order of about 1.0%, which is about one ninth the 
amount in a natural mixture. 

Before proceeding to study the influence of a magnetic field on resonance 
emission and absorption, some preliminary experiments were performed. 

The apparatus consisted of a proportional counter filled with a mixture of 
krypton and propane and adjusted to detect y-rays with energies between 20 and 30 
kev. Between the source and the counter were a palladium plate to absorb the Sn 
x-rays, and a 2 cm thick plexiglass plate to eliminate the electrons from the 
B-radioactive impurities in the source. 

The tin absorber was placed in direct contact with the source and cooled with 
it down to 100°K. It was found that cooling reduced the intensity of the soft 
radiation by 15%. This is explained simply by the occurrence of resonance radia- 
tion without recoil with a very narrow (<1077 ev) line width and resonance absorp- 
tion of it in the Sn119 and the absorber. In this way one obtains a curve giving 
the resonance absorption as a function of temperature (Fig.1, I). By attaching 
the absorber firmly to the source, one reduces the line width to its minimum 
value, closest to the natural width, since in this way the Doppler broadening 
due to relative motion of the source and absorber is eliminated. 

A second experiment measured the cross section for resonance absorption. 

The decrease in intensity was measured as a function of absorber thickness at 
100°K (Fig.1, II). These two experiments can be used to establish the magnitude 
of the resonance effect under our conditions, to compare it with the theoretical 
curves, and to find the effective Debye temperature of white tin. 

In the magnetic-field measurements a magnet with pyramid-shaped pole pieces 
was used. The distances between the pole pieces was 6 mm, and the maximum field 
intensity was 20,000 gauss. 


A 20 x 4 mm y-ray source of thickness 5 mg/cm? was bonded on one side to a 
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2 cm thick plexiglass plate, and on the other 
side to a natural tin absorber of thickness 36 
mg/cm”, The photoelectric effect absorption 
length for 23.9 kev y-rays in tin is 70 mg/cm, 
which is much greater than the resonance absorp- 
tion length in the source and absorber. One end 
of the plate containing the source was inserted 
between the poles of the magnet. The source was 
in thermal contact with a copper rod whose other 
end was immersed in liquid nitrogen. During the 
magnetic field measurements, the absorber was at 
room temperature. In the range of high fields 
the stray magnetic field at the absorber was equal 
to about 28% of the field at the location of the 


source. 
Fig.l. I - temperature depend- The experiment consisted of the following. 
ence of the resonance effect; First, the proportional counter was used to mea- 


II - intensity attenuation as sure the soft radiation, filtered by the 2 cm 

a function of absorber thick- plexiglass and 60 ng/cm2 palladium plates, pas- 

ness at 100°K. sing through the absorber. When the source was 

nee a cooled down to 100°K by means of the copper 

At) 4 Sn rod, the measured intensity of the soft radia- 

a9key 9%) “/2  +40on dropped by 15%. When the magnetic field 

Cy 0 (71 %) was turned on with the source and absorber 

KX, (L+M)X V2 cooled, the soft radiation intensity increased 

/2 with the magnetic field. The magnetic field, 
splitting the 23.8 kev level, shifts the ener- 
gy of the radiation from the source by roughly 
10-’ ev, while the 23.8 kev level in the ab- 
sorber, which is located in a weaker magnetic 
field, is shifted by a much smaller amount. 
As a result the energy difference between the 
emitter and absorber decreases and the measured 


: 10 20 kilogauss intensity rises. 
Fig.2. The magnetic-field depend- Fig.2,b shows, in addition to the experi- 
ence of the resonance effect. mental points, rough calculated curves for the 


resonance effect as a function of the magnetic 
field for different magnetic moments of the 23.8 kev level. 
We express our deep gratitude to L.A.Artsimovich for providing the samples 
of enriched tin, to G.M.Kukavadze for his mass-spectrographic analysis, and to 
V.I.Anan'ev for aid in the measurements. 
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NEW IRIDIUM AND PLATINUM ISOTOPES; Ir184 AND pt187 
- V.I.Baranov, K.Ya.Gromov, B.S.Dzhelepov, Zyong Chong Bai, 
T.V.Malysheva, V.A.Morozov, B.A.Khotin & V.G.Chumin 


Iridiun-184 


By means of a Danysz type B-spectrometer we investigated the conversion elec- 
tron spectrum of the iridium fraction forming as a result of spallation of gold 
bombarded with 660 Mev protons. The iridium was separated carrier-free from the 
bombarded 1-2 g gold plate.1 

In the iridium spectrum we observed a number of lines the intensity of which 
fell off with a period of 3.1 + 0.3 hours. These lines were identified as L-120, 
M-120, K-264, L-264, M-264, K-391 and L-391. The experimental data on these lines 
are summarized in Table 1. The experimental (series I) spectrum of iridium is 


shown in Fig.1,a. 


Table 1 
Experimental data on the Ir conversion lines decaying with a period of 3.1 hours 
K/L 
et = | 
Gs Oat Be, ao! "rel T, br UE Rxper. i ae 
7) oO ese) 
oO FS = 
IH Cc { 
1162 | 107,4 4,2+0,35] 3,4+0,3] L 
1220 | 11734 1/802 | 3:42074| \ 120,0-40,5 
1600 | 189,8-+0,4 |1,0 3,1+0,3] K 
1891 | 252,2+0,5 |0,7+0,15) 3,3-+0,5) L 264,0+1 | 1,2+1,8] 2 | (£2) 
1932 | 261,3-+0,4 |0,25 — M 
2175 | 317,341 10,26 3134-0, 70K \ 304,244 4,3  |3,1] (£2) 
2430 | 378,8-+1 0,06 — E 
Table 2 


Experimental data on the L, M and N lines of the 120 kev transition, 
obtained by means of the double focusing B-spectrometer 


| 

(Lt + Lyy/Lyr1 d 
Hips Ee: Trel denti— Ey, kev i 8 
Gs cM} kev fication = i £ 

Exper. Pas 22 
4160,8)107,2 | 1,15--0,25 | L,+Ly, 
1170, 3) 108,8 1,0 Lizz 419,7+0,3 | 0,9+-1,4| 4,3 | (#2) 
1218, 11117, 05 | 0, 74-0.15 M 


1230,0| 119,413 | 0,25+-0, 45 N 


In addition, we carried out a more detailed investigation of the L, M and N 
lines of the 120 kev transition on a x /2 double-focusing B-spectrometer charac- 
terized by higher resolution.2 The data obtained are shown in Table 2; the ex- 
perimental spectrum is reproduced in Fig.1,b. 

From the energy differences between the Lyyzy-119.7 and N-119.7 lines and be- 
tween the K-264 and M-264 lines it may be inferred that these transitions occur 
in the osmium nucleus. The values of the K/L ratio for the 264 and 391 kev transi- 
tions indicate that both these transitions are E2. The value of the ratio (Ly + 
+ Lyy)/Lyzz for the 120 kev transition (Table 2) does not conflict with an nayaee 
signment for this transition, although one cannot exclude E3, E4 or E5. If we 
assume that the 264 and 120 kev transitions are in cascade, we find that the ener- 
gy ratio of the 384 and 120 kev levels (3.2) is very close to the theoretical 
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“2B 100 1200 1300 Hp, scm 


1400 2200 Hp, G5 0M 
Fig.l. a - Experimental spectrum of the Ir fraction; the hatched sections pertain 
to Ir184, b - Section of spectrum investigated 


on the x /2 double focusing spectrometer. 


ratio for the ground state rotational band levels in deformed even-even nuclei. 
Thus the experimental data give reason to assume that the observed y-transitions 
occur in the even-even osmium nucleus. 
A period of 3.2 hours was observed 

EX Kev by Chu? for Irl90, But the energies of 

200 the first three y-transitions in Ir190 
are 186, 356 and 401 kev. We detected 
no conversion lines associated with trans- 
itions of these energies. Consequently, 
the transitions detected in our experi- 
ments do not belong to Ir190, 

From the plot of the energies of the 
first levels of deformed even-even nuclei 
as a function of the number of neutrons 
(Fig.2) it may be inferred that the first 


Fig.2. Variation of the energy of rotational level at 120 kev may belong to 

the first levels of deformed even- 05184 or Osl82, The 182 mass assignment 

even nuclei with the number of neu- may be excluded, however, because no acti- 
trons. vity with a period of 21-24 hours, charac- 


teristic of 0s182, was observed in the Os 
repeatedly separated from the Ir fraction (Fig.3). Moreover, measurements on a 
100-channel scintillation spectrometer showed no evidence of y-radiation belong- 


ing to 0s182, iy 
On the basis of the above data we propose the decay scheme for Ir shown 


in Fig.4. 
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We note that if this de- 
ane cay scheme is accepted, the 
relative intensities of the 
120, 264 and 391 kev transi- 
tions evaluated from the in- 
tensities of the conversion 
electron lines prove to be ap- 
proximately equal (490: Toga! 
2139] © 13:15:9). This can 
be explained if we assume that 
the decay of Ir184 goes pri- 
marily to some nonrotational 
Osi84 level with high spin. 
Similar cases are observed in 
neighboring nuclei: tr190_. 
—0s!90 and Hf180m (Ref. 4). 


100 


10 


20 30 40 : 

ws Mas In our case it is not impos- 
Fig.3. Decay of Os separated from the Ir frac- sible that there is excited an 
tion. isomeric state of Osl84, Thus 


in the osmium repeatedly sepa- 
rated from the Ir fraction there was observed an 


oll activity with a period of about 20 min (see insert 
Ror in Fig.3). This period may be due to an isomer of 
| 0si84, 
y ap In addition to the above mentioned lines in 
a! the spectrum of the Ir fraction we observed a num- 
/ ber of other lines belonging to other iridium iso- 
topes: 


Ir186; 137, 297 and 435 kev y-rays 

(T = 18 + 2 hours); 
Irl85; 254 kev y-rays (T = 15 + 1 hour); 
Irl88; 156 kev y-rays. 


4306 


Platinum-187 


For determining the period of pti87 the plati- 
num fraction was first separated from the gold plate 
bombarded with 660 Mev protons in the synchrocyclo- 
tron. Then, at equal time intervals (4 hr) the 


S 
+ 
en eae 


70s daughter iridium was separated from this fraction. 
The conversion electron spectrum of the daughter 

Fig.4. Decay scheme for iridium was investigated on the x /2 double focus- 
Irl84 (energies in kev). ing magnetic spectrometer. The amount of Ir1l87 


formed was determined from the intensity of the 
L-90.5 line6, taking into account the efficiency of the chemical separation and 
the degree of covering of the target. The period determined in this manner for 
ptl87 was 2.0 + 0.4 hours. For control purposes we also determined the period 
of the known’ platinum isotope Pt186, from the intensity of the L-137 line belong- 
ing to Irl86, We obtained for Pt186 a period of 2.5 + 0.3 hours, which is in 
good agreement with the data of Smith & Hollander?. No conversion lines of Ir185 
were observed in the daughter iridium spectrum. 


” 
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Conclusions 


1. We discovered a new iridium isotope - Irl84 ~ with a period of 3.1 + 0.3 
A tentative decay scheme is proposed for this isotope. 
2. We found a new platinum isotope - Pt187 - with a period of 2.0 + 0.4 hrs. 


hrs. 


"V.I.Vernadskii" Institute of Geochemistry and Analytic Chemistry 
of the Academy of Sciences of the USSR & 
Joint Institute for Nuclear Research 
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ON THE EXISTENCE OF ISOMERIC STATES OF Te119 
- N.G.Zaitseva, M.Ya.Kuznetsova, I.Yu.Levenberg, V.N.Pokrovskii & V.A.Khalkin 


The existence of isomeric states of Tell9 was established in investigating! 
the neutron-deficient isotopes of iodine with A< 121. From the build-up of 
well known Sb119 there were identified two parent periods: 12 + 1 hr and 4.25 + 
+ 0.25 days. It was found that the short-lived Tel19 is a daughter of T1195 (21 
min), whereas 4.25-day Tell9 is not. 

The existence of Tet19 isomers is not surprising, for seven odd telluriun 
isotopes (with A from 121 to 133) have isomeric states, which is consistent with 
nuclear shell theory. 2 Periods close to those observed by us and equal to 4.5 
days (Lindner & Perlman?»*) and 16 + 2 hrs (Dropesky® and Fink®) were attributed 
to Tell9 earlier, but these half-lives were observed in isolation from each other 
and apparently were regarded as mutually exclusive: thus whereas Dzhelepov & 
Peker7 gives only T = 16 hrs for Tell9 Seaborg® gives only T = 4.5 days. 

The purpose of the present work was to obtain more detailed data on the de- 
cay of Tell9 isomers and to establish their relative yield in the spallation re- 
action of iodine. The Tel19 isomers were obtained jointly with other Te isotopes 
by bombarding a KI plate with 250 Mev protons in the Joint Institute for Nuclear 
Research synchrocyclotron. The tellurium and iodine were separated 15 minutes 
after the end of irradiation. As a result of the chemical separations (described 
in detail in Ref.1) there were obtained two radiochemically pure tellurium frac- 
tions which we designate Te I and Te II. Fraction Te I was a mixture of isotopes 
that had formed as a result of spallation of iodine and as a result of decay of 
various radioactive iodine isotopes. Fraction Te II was a mixture of tellurium 
isotopes that had built up only as a result of decay of radiochemically pure (at 
the instant of separation of the other spallation products) iodine. Only the 
short-lived (12 + 1 hr) Tet19 isomer was present in Te II. 

We recorded the B- and y-spectra of Te I and Te II by means of a simple mag- 
netic spectrometer and a scintillation y-spectrometer (half-width of the Csi37 
line - 9%). It was established that the radiation from the short-lived isomer 
comprises an intense 660 kev y-line, internal conversion electrons corresponding 
to this line and weak positron radiation with end-point energy ~550 kev. The 
branching ratios are y/B+ > 5, and Bt/e~ 5. The period of Tell9 determined 
from the decrease in intensity of the 660 kev y-line and the B* radiation proved 
to be 14 + 2 hrs. In the spectrum of the Te I fraction there were also detected 
a number of y-lines (the most noticeable at 150 and 1200 kev) which decayed with 
a period of about 5 days. However, in view of the presence of 6-day Te1ll8 in 
the tellurium fraction we had to refrain from attributing these y-lines to 4,25- 
day Tell9, For the same reason we hesitate to say anything definitive regarding 
the Bt-decay of this Tell9 isomer. 

There arises the obvious question: which of the observed states is the ground 
state and which the isomeric? In our earlier work! it was established that the 
rate of growth of Sb119 in the Te II fraction as observed over a period of 9 days 
corresponds to T= 12+1 hr. It follows that 4,.5-day Tell9 goes not form in the 
decay of yi19, moreover if it be assumed that this is the ground state, there ap- 
pears to be no decay to it from the isomeric (13 hr) state. Under the most ex- 
treme assumptions the fraction of isomeric transitions does not exceed 1%. 

Assuming the inverse arrangement, i.e., that the 13-hour state is the ground 
state, we made an attempt to separate the metastable and ground states by a chemi- 
cal method9,10, posresars aaa of the activity of the separated fractions that 
should have contained Tell9 in the ground state by means of an MST-40 end window 
counter and a y-spectrometer yielded negative results: no 13-hour Tell9 was de- 
tected. This can be explained either by an insignificantly small fraction of 


— 


= 1O9ie— 


isomeric transitions or by a large energy 
‘ difference between the ground and isomeric 
(2,52) states and the consequent small conversion 
coefficient. Moreover, it was established 
that the intensity of the 660 kev y-rays 
from Te I and Te II falls off with T = 13 
hrs, so that the fraction of the isomeric 
transition at best does not exceed 10%. 

Thus we failed to obtain direct experi- 
mental information on the arrangement of the 
V2, 2") isomeric and ground states. Nevertheless, 
athe Uae psa dete to construct a decay scheme for 

Te which would not be in conflict with 
39h mop, 52° our experimental data and would satisfy the 
requirements of the nuclear shell model2. 

On the basis of the nuclear shell model 
the most probable assignment for 1119 is 5/ 2+ 
sf, 3/2" or 3/2+. According to the shell model, the 
moe «fat ground state of Tell9 should be 1/2+, and 

the isomeric state 11/2- (this obtains, for 
Proposed decay scheme for A= 119. example, in the case of the neighboring odd 
isotopes, Tel21, Tel23 ana Tel28) Then de- 
cay of 1119 should occur primarily to the ground state of Tell9, Inasmuch as 
the daughter isotope of 1419 is 13 hr Tell9, we infer that this is the ground 
state of Tell9, 

Taking the ground state spin of Sb119 to be 5/2+ (Ref.7) and the spin of the 
excited 660 kev level to be either 3/2+ or 1/2+, we find that the decay from the 
1/2+ ground state of Tell9 to this level of Sb119 is allowed (see figure). This 
is in agreement with the evaluation of log ft, which under the above assumptions, 
equals ~5.5. This assumption also explains the absence of a 660 kev level in the 
decay scheme for 4.25-day Tell9 proposed by Sorokin et alll, i.e., according to 
this scheme there are populated levels with much higher spin. 

In conclusion, we want to report briefly on the relative cross sections for 
formation of the Te119 isomers in bombardment of iodine with 250 Mev protons. In 
our work the bombardment time, the duration of the separation operation and the 
time of separation were measured to within 1 minute; the yields of all the chemi- 
cal separation reactions were also accurately determined. Hence by relatively 
simple calculations we were able to establish the relative cross sections for 
formation of 1119, Tel119 and Te119™ both on the basis of the rate of build-up 
of Sb119 in the Te I and Te II fractions and from the variations in intensity of 
the 660 kev line in their spectra. We obtained for the cross section ratios 
Cpe: oyu i: Opesm = 121.5: 3. The results of determinations of the relative 
cross sections carried out by different methods on the basis of the data obtained 
in different series of experiments all agree within +10%. 
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OPERATION OF AN IONIZATION ALPHA-SPECTROMETER UNDER HEAVY LOADS 
- A.A.Vorob'ev & V.A.Korolev 


One of the most interesting problems in the field of modern d-spectroscopy 


is investigation of low intensity Q-transitions against the background of more 


intense transitions. This includes, for example, investigation of Q-decay to 
vibrational levels and odd parity levels in odd-odd nuclei. Extant a-spectro- 
meters are not suitable for the investigation of such weak (10-4-10-6%) transi- 
tions. In the case of magnetic Q-spectrometers the lower bound of the detectable 
intensity (10-3-10-4%) is determined primarily by the effect of the tails of the 
more intense lines. 

Ionization Q-spectrometers do not have this shortcoming since they allow of 
working in coincidence with a y-spectrometer. In this case the tails are com- 
pletely eliminated since the more intense lines do not yield coincidences. More- 
over, it becomes feasible to evaluate the multipolarities and relative intensi- 
ties of the corresponding y-transitions and to investigate Q-y angular correla- 
tions, in other words, it becomes possible to identify the nuclear levels. How- 
ever, these advantages of ionization chambers cannot at present be realized main- 
ly owing to the low value of the maximum allowable chamber load. Usually the 
maximum chamber load does not exceed 100 pulses per sec. 

Below we describe a method by means of which one can increase the allowable 
load to 104 pulses per sec. 


Electron Collection Time 


In the final analysis the duration of pulses produced by an ionization cham- 
ber is determined by the electron collection time. It can readily be shown that 
the pulse rise time on the collecting electrode in a chamber with a grid is de- 
scribed by 


Lg, feos @ 
esig7 at Vi @) 


where g is the distance between the collecting electrode and the grid, W, and W, 
are the electron drift velocities in front of and behind the grid, Ris the Q- 
particle range, and g is the angle of emission of the Q-particles relative to 
the normal to the electrode surface. By adding some 10-15% methane to the argon 
filling the chamber (which leads to a sharp increase in the electron drift velo- 
city) and reducing g to ~0.5 cm one can reduce the pulse rise time to about 0.5- 
0.4 microsec. 


Pulse Shapin 


Obviously, from the standpoint of maximum reduction of the pulse duration 
it is expedient to shape the pulses by means of a short-circuited line. In doing 
this, however, it must be borne in mind that at high loads the pulses at the ampli- 
fier input will not be square. The pulse droop is determined from conditions of 
equality of the charging and discharging currents through the collecting electrode 
and may be described by the formula 


V(t) =Vo(1 — nt). (2) 


them by means of a single 
This shape of the input pulses excludes forming 
short-circuited line, inasmuch as in this case after the main pulse there appears 
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a negative tail, the magnitude of which equals 


6 = 27) nV (3) 


where 7); is the line delay time, and n is the number of pulses per unit time. 
For n= 107% pulses/sec and 27) = 3 usec, 6 = 0.03 

The negative tail can be eliminated if the pulses are formed by means of two 
short-circuited lines. This method of shaping has the further advantage that 
with it the constant component of the pulse spectrum is close to zero, and, con- 
sequently, there will not occur charging of the stray capacitances and shift of 
the zero count level with variation in the pulse load. 


Influence of the Rise Time on the Pulse Amplitude 


In determining the line parameters and the 
amplifier pass band one must bear in mind the in- 
fluence of the pulse rise time on the amplitude 
of the pulses at the amplifier output. The rise 
time 7 is given by Eq.(1). Inasmuch as the rise 
time will be different for different cos¢, this 
could lead to amplitude scatter of the output pul- 
ses. 

Let us see to what extent the pwise amplitude 
will be reduced in going from an ideal instantane- 
ous rise pulse to an input pulse with a rise time 
T. For simplicity we consider the rise to be line- 
ar. Introducing the concept of a rise lag or defi- 
cit A and performing the necessary calculations we 


obtain 
Vr =V,(1—A); (4) 
oe 
Pity 
Fig.l. Variation of the } tok Colat a¥ (5) 
rise deficit A with the aly } 
ratio p for different rise Shorty 
times / (in usec) with 
T; = 1.5 psec. The dash where V>) is the pulse amplitude at the output in 
line gives the same de- the case of an instantaneous rise input pulse, ), 
pendence for 7) = 2.0 usec is the pulse amplitude at the output in the case 
and 7 = 0.5 usec; the when the pulse rise time is 7, and 7; is the con- 
dash-dot line gives the stant of the integrating circuit. 
dependence for 7) = 1.0 The variation of A with 7; for different rise 
Hsec and 7'= 0.5 usec. times and different values of the line delay time 


Tf, (1, 1.5 and 2 usec) is shown in Fig.l. Here 
the horizontal scale is laid off in p = 7;/7) rather than 7;. 

As will be shown below, the magnitude of p determines the signal-to-noise 
ratio; hence from this standpoint one should choose the highest possible value 
of p. Let us assume that we can take A = 0.2%. Since collimation is usually 
employed, this leads to a pulse amplitude scatter of < 0.1%. 

As will be evident from Fig.1, the maximum allowable value of p for a given 
rise time (say, 0.5 usec) increases with increase of T,- At the same time, how- 
ever, the pulse duration also increases. ; 
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In designing the delay line we specified 7) = 1.6 sec. The line was pre- 
pared in the following manner. A silver band 12 mm wide was applied to a quartz 
tube 80 cm long and 26 mm in diameter. This was then covered with 20 w thick 
telephone tape and wound with contacting turns of 0.5 mm diameter enameled wire. 

_Appropriate correcting plates were introduced to reduce the parasitic oscillations 


and improve the shape of the pulse leading edge. The shaping lines prepared in 
this manner had the following parameters: 7) = 1.6 usec, Z = 700 ohm, R = 6 ohn, 
and te = 0.2 psec, where Z is the wave impedance, R is the resistance and te is 
the rise time of the reflected signal. 


Signal-to-Noise Ratio 


The use of such long lines as shapers makes it necessary to consider the 
question of signal-to-noise ratio. Actually this question has hitherto not been 
considered even for the case of a single line (the treatment given by Gillespiet 
is erroneous since the author neglects the presence of a grid current in the in- 
put circuit). Calculation of the signal-to-noise ratio is generally analogous 
to that given by us in Ref.2. Hence below we shall give only the results. 

In what follows we use {1,1} to identify the case of single integration- 
single differentiation (by means of the line), and {1,2} to identify the case of 
single integration-double differentiation. First we give the results obtained 
for the pass band in case {1,1}. The spectral transmission factor: 


sin? (oT7' 7) 


F 1, (0) = Tren : (6) 
The mean square of the noise voltage 
er { {heee— 2/2 
Ti, = 4 | a- ple + 2p —1) + = |; m 


(See Ref.2) and p=7;/T), 


el ,-S 
et SETCE se 


The first term in Eq.(7) represents the grid current noise; the second term 
the plate current noise. The amplitude of the output signal (in relative units) 
is 


4 
/5kT el 
here the noise voltage is measured in units of oa 
and 


a 


= z(t — e—?/P], (9) 


Inasmuch as JV,, does not depend on the parameter 7, we can readily determine 
the extremum value of a at which the noise is minimal: 


4 = e2/P 
exter =i: _—- : (10) 


Obviously, in this case we attain the best signal-to-noise ratio: 


0 = 4 e7/P (11) 
max — ‘ 


4 
2V 1 —e-*”)-[2/p — (1 —e 7/9] 
or the pass band in case {1, 2} there were obtained the following results 
(for 7],=T),). The mean square of the noise voltage is 
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a __ Ae 2/P 1 p—4/P (12) 
Civ = a + a+ p (4-e-21? — esp 4 4/p—8) | 
The signal amplitude 
V=T(t1—e%), (13) 
The optimum value of a: 
1 3—4e—2/P 1 oP , (14) 
a = — : 
extr Pp Leal? p/P A Alpen 
The maximum signal-to-noise ratio 
a Beene , (15) 


Owinx =r 


2 V Ge shes e 4/P) (zip — 4e—2/P e—4/P)] 


Fig.2 shows the variation of the signal-to-noise ratio with the parameter Pp. 
The unit here is the maximum signal-to-noise ratio that can be obtained in con- 
ventional shaping in an RC network with the same parameters of the first tube 
and input circuit.2 In this figure we also give the corresponding values of 
dextr (dash lines). It will be seen from Fig.2 that Q increases with increase 
of p and in the {1; 1} case even exceeds by 20% the value that can be obtained by 
conventional shaping. 


0,5 45 P=T;/Ty . 
Fig.2. Variation of the signal-to-noise Fig.3. Variation of Q with the para- 
ratio Q (solid curves) and dext, (dash meter a for different values of the 
curves) with the parameter p. ratio p. 


Unfortunately, the influence of the deficit A is such that one cannot make 
p greater than 0.4-0.5. Hence the signal-to-noise ratio in case {1,2} is impaired 
by a factor of 1.5. The line half-width due to radio noise in this case must be 
~28 kev. This value of Q, however, can be obtained only when the parameter a has 
the optimum value and the ratio S/Ig is the same as in the case of conventional 
shaping. The value of ais given by Eq.(8). Under the operating conditions gen- 
erally obtaining for the first tube in low noise amplifiers? and with 7 p= 1.6 
sec, a ~0.1, which is far from the extremum value (Fig.3). Consequently, the 
problem is to increase the transconductance S of the tube without sacrifice of 
S/Ig (a small decrease of this ratio is allowable inasmuch as Q is a function of 
S/I, to the one fourth power. The best solution of the problem would be to use 
a high transconductance tube as the first amplifier tube. Tests with 6Zh9P and 
6S3P tubes showed, however, that these tubes have an inadmissibly high grid cur- 
rent. 

Another way to increase the transconductance is to raise the plate voltage 
of the first tube. By this means S can be increased by a factor of 3-4, but only 


= 


Channel No. 


Fig.4. Amplitude distribu- 
tion of oscillator pulses 
without load (light line) 
and with a load of 8°10° 
pulses/sec (heavy line). 


Time scale in microseconds 
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at the expense of some decrease of S/I,. Better re- 
sults can probably be obtained by paraflel operation 
of 3-4 tubes, inasmuch as in this case S and Ip in- 
crease by the same factor. 

In our work we did not attempt to use several 
tubes in parallel but only increased the plate volt- 
age of the 6Zh1P tube from 60 to 120 v. The line 
half-width due to oscillator pulses in this case 
proved to be 45 kev (Fig.4) with p= 0.5 and 7) = 
= 1.6 usec. This would indicate that connection of 
three or four tubes in parallel at the amplifier out- 
put should reduce the line half-width due to radio 
noise to ~30 kev. 


Tests of the Spectrometer under High Loads 


To check the operation of the spectrometer under 
high loadings we carried out measurements of the Q- 
spectrum of Pu238 using a source having an intensity 
of 8-103 pulses/sec and also the spectrum of oscilla- 
tor pulses applied to the amplifier input simultane- 
ously with the Q-particle pulses. Fig.5 shows the 
oscillogram obtained for oscillator pulses equal in 
amplitude to pulses from 5 Mev Q-particles. The over- 
all pulse duration is 10 usec (measured to drop of 
the trailing edge to 0.1% of the crest amplitude). 

The light line in Fig.4 gives the spectrum of 
oscillator pulses obtained in 
the absence of Q-particle pul- 
ses; the heavy line shows the 
spectrum of the same pulses in 
the presence of a load (8-103 
pulses/sec). In working with 
heavy loads, we used a special- 
ly developed circuit that pre- 
cluded detection of overlapping 
pulses. As will be evident 
from comparison of the curves 
in Fig.4, application of a 
heavy load had very little ef- 
fect on the width and position 
of the peak. 

The recorded Q-spectrum 


Fig.5. Oscillogram of oscillator pulses shaped of Pu238 is shown in Fig.6. 
by means of two short circuited lines. As indicated, the line width 


was 60 kev. 


Analyzing our results, 


at half-height in this case 


it must be noted that the principal contribution to 


the line half-width (45 kev) is from radio noise. But, as was shown above, the 
noise level can be substantially reduced by introducing additional tubes. Thus 
there is reason to assume that the half-width of the Q-line can be brought down 


to 40-50 kev. 


Before concluding, we would like to mention some of the possible applications 
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Fig.6. Alpha-spectrum 
of Pu238 recorded at 

a load of 8-103 pulses/ 
/sec. 


- 1098 - 


of high load spectrometers. As noted in the introduction, 
by means of such a spectrometer it is feasible to investi- 
gate low intensity a-transitions. With the attained value 
of the allowable load, the minimum detectable intensity 
in our spectrometer is 5-10-5% the total intensity. 

Such spectrometers can also be used for measuring 
Q-y angular correlation. Actually such measurements are 
virtually impossible at a low counting rate in the chan- 
ber (or more accurately speaking, they are possible only 
in a very limited number of cases). This partially ex- 
plains the fact why hitherto ionization chambers have 
not been used for investigating Q-y angular correlations 
despite the obvious advantages of this procedure. In- 
crease of the allowable load on the Q-spectrometer makes 
it possible to use it in coincidence with a B-spectrometer. 
Development of such a coincidence would be extremely use- 
ful for nuclear spectroscopy. Finally, spectrometers 
capable of operating under high loads can be used for in- 
vestigating nuclear fission against a strong background 
of Q-particle pulses. 

We desire to thank I.A.Fadeev and M.F.Sobelevskaya, 
who participated in the design and construction of the 
long lines. 
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INVESTIGATION OF ALPHA-DECAY OF U235 BY MEANS OF AN IONIZATION ALPHA-SPECTROMETER 
; - A.A.Vorob'ev, A.P.Komar & V.A. Korolev 


The first gets on the fine structure of the U235 q-spectrum were obtained in 
1951 by Ghiorso-+ by means of an ionization chamber. He distinguished three Q- 
particle groups with energies (and relative intensities) of 4.58 (10%), 4.40 (86%) 
and 4.20 Mev (4%). In 1957 Pilger et al2 investigated the a-spectrum of U235 on 
a magnetic spectrometer. Their results differ significantly from those of Ghiorso; 
they reported 4.559 (7%), 4.520 (3%), 4.32-4.37 (group of unresolved lines with 
a total intensity of 84%) and 4,117 + 0.004 Mev (6%). 

There is also some disagreement between the results of different investiga- 
tors2-5 who studied the y-radiation accompanying Q-decay of U235, Thus, Johnsson 
observed y-lines with energies of 289 and 389 kev. On the other hand, Pilger et 
al2 and Malich? showed that there are no y-rays in the spectrum of U235 with ener- 
gies exceeding 250 kev. Pilger et al observed a y-line at 165 kev, while no such 
line was detected in the other investigations. In most of the experimental spec- 
tra there is a 145 kev y-line. Johnsson*, however, on the basis of control mea- 
surements asserts that this line is associated with back scattering of 185 kev 
y-rays. Johnsson also observed y-radiation with an energy of ~110 kev, yielding 
coincidences with 75 kev photons. An analogous y-group (109 kev) was observed by 
Stephens®, but according to this author this group did not yield coincidences with 
any other y-rays. 

Firmly established is the presence in the spectrum of an intense (~70% per 
decay) line with an energy of 185 + 2 kev and the fact that these y-rays yield co- 
incidences with the 200 + 10 kev y-rays.2,4 Inasmuch as hitherto no one had in- 
vestigated the y-spectra in coincidence with individual Q-groups, there has been 
some degree of ambiguity in locating the y-transitions in the decay scheme®. 

Below we give the results of investigation of Q-decay of u235 by means of an 
jonization Q-spectrometer operated in coincidence with a y-spectrometer. We in- 
vestigated the Q-spectrum without regard to coincidences with y-rays and also a 
number of y-spectra in coincidence with different Q-particle groups. 

3 For our measurements we used a source enriched in u235, The most intense 
line in the spectrum, however, was the characteristic line of U234 (98%). We 
used this line for stabilizing the amplification factor of the O-spectrometer 
amplifier circuit and as the standard in measuring the u235 q-particle energies. 
We also employed stabilization of the photomultiplier multiplication factor; to 
this end we used the pulses due to y-rays from a small Csl37 source (~50 pulses/ 

/sec) cemented to the crystal. For the principal measurements we used a 30 x 10 
mm Nal(T1) crystal. The half-width of the Cs137 1ine was about 8%; thanks to 
stabilization, this resolution was maintained virtually constant over a prolonged 
period. 

To enhance the Q-spectrum we used electronic collimation, which reduced the 
counting rate by a factor of 2. The number of coincidences was ~4 per min. At 
so low a counting rate there was great advantage in using our "two-dimensional" 
multichannel analyzer (the y-spectrum was recorded by means of a 50-channel ana- 
lyzer; the Q-spectrum by means of a 28-channel analyzer). 

Only one Q-y coincidence experiment was carried out (100 hrs of measurement) , 
but this provided us with sufficient data to plot the y-spectra in coincidence 
with any Q-particle group, and the a-spectra in coincidence with any y-line. The 
use of a two-dimensional analyzer not only greatly reduces the measurement time 
but enhances the reliability of the results inasmuch as it eliminates possible 
errors due to instability of the apparatus and variation in the experimental con- 


ditions. 
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The aQ-spectrum of U235 
recorded without coinciden- 
ces with photons is shown 
in Fig.l. 

The Q-group energies, 
relative intensities and 
corresponding hindrance 
factors are listed in Table 
1. In evaluating the ener- 
gies we introduced a small 
correction (4 kev for the 
4.396 Mev line) which took 
into account the energy de- 
pendence of the ionization 
6 in the chamber. The measure- 

‘Channel No. ment uncertainty is evalu- 
Fig.l. Singles Q-spectrum of U235, ated as +t 3 kev. The 4.486 
Mev line apparently belongs 
+Fig.2. Alpha-spectrum to U236, It was not evin- 
of U235, Heavy line ced in the spectrum (Fig. 2) 
~ Q-spectrum in coinci- obtained for a source pre- 
dence with y-rays not pared from a different 
discriminated in ener- material. In evaluating 
gy- The double hatch- the intensity of the Q3 
ed area represents the line we took into account 


part of the Gg line the small admixture of the 
yielding coincidences main line of U238 (Ey = 
with 93 kev y-rays. = 4.195 Mev). In evaluat- 
Light line - Q-spec- ing the intensity of the 
trum without coinci- Q& line we took into ac- 


dences. The lightly count the presence of the 
hatched area represents 4.594 Mev a-group of U234, 
the part of the a- corresponding to a transi- 
spectrum due to shift tion to the 4+ level. More- 
of part of the pulses over, the energy and in- 
from the Q@ line owing tensity of this line were 

to additional ioniza- determined from a spectrum 
tion from the L elec- of a natural uranium iso- 
trons and not evinced tope mixture, wherein the 

‘ > in coincidence with the content of U235 relative 
ata jo y-rays (i.e., this is to U234 was two times great- 

, . the difference area er than in the enriched 

used in calculating the source, and where accurate 

L shell internal con- extrapolation of the tail 

version coefficient). of the U234 line by analogy 
with the U238 line was 
feasible. 

Our results for the Q-spectrum of U235 are in general agreement with the 
results of Ghiorso, although his data are primarily quantitative in character, 
particularly as regards energy values. With the resolution of Ghiorso's spectro- 
meter the Q) and Oy groups could not be resolved and were recorded as a single 
group with a relative intensity of 9%. On the other hand, comparing our results 
with the results of Pilger et al, one notes a significant disparity as regards 
the energies, particularly for the @3 group. Even if one attributes their 4.117 


Counts in channel 


7 


with channel 21, f - y-spectrum in coincidence with chann 
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Counts 


Counts 


fy. kev f 


n coincidence with different channels of the Q-analyzer: 
ce with channels 5-7, b - y-spectrum in 
spectrum in coincidence with channels 17- 
spectrum in coincidence 


Fig.3. Gamma-spectra i 
a - difference y-spectrum in coinciden 
coincidence with channels 9-11, ¢ - 7~ 
19, d - y-spectrum in coincidence with channel 20, e - ¥~- 


to some accident or malfunction, there still remains 
30 kev for the energies of the other groups. We attri- 
tion of the spectrometer used by Pilger 


Mev value for the G3 group 
a difference of at least 
bute this divergence to incorrect calibra 
et al. 
Recently Baranov & Zelenkov’ invest 
high luminosity magnetic spectrometer. 
lines among which are the lines with ene 
(3.5%) , 4.394 (70%) and 4,213 Mev (6%) . 
ment with our results. 


igated the a-spectrum of U235 on a new 
They succeeded in resolving a number of 
rgies (and relative intensities) of 4.550 
These energy values are in good agree- 
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Table 1 Fig.3 shows the y-spectra in coincidence 
U235 q-line energies with different channels of the Q-analyzer. 
and intensities For calibration of the y-spectrometer we used 
the 52.4, 93 and 185 kev lines (see Figs.3 & 
| | Hin- 4). The Q@3 group is accompanied by a y-cas- 
z Ban emai ise ast eh ce cade. However, knowing the relative intensi- 


Group 5 ity, % | factor 
| Mew] ener ey petty eee ties of the Q-groups. without coincidences and 


the y-spectrum corresponding to the transition 


a poe m ee on from the intermediate level in the cascade 
a ROO : ) ; 

e 4,396 199 84 4,6 (Fig.3,c), we were able to plot the differ- 
tg 4,214 3809 7 1,7 ence spectra. Thus the y-spectra shown in 


Fig.3,a & b represent a y-transition from 
the upper state to an intermediate state. 
There appears to be no cross-over transition 
to the lowest state. The 93 kev line is 
Th231 x x-radiation. The energy of this 
transition was evaluated as 192 kev. Possi- 
bly this y-line actually consists of two 
lines close in energy. We evaluated the K 
shell internal conversion coefficient (ICC) 
of the 192 kev transition from the intensity 
ratio of the 93 and 192 kev lines. In com- 
puting the ICC the intensity of the 93 kev 
line was doubled inasmuch as half the pulses 
from the Q-particles, accompanied by conver- 
sion electrons, is shifted to the side of 
higher energies (Fig.3,b). The calculations 
a +f %, yielded a value of 2 + 0.5 for the K shell 
Si Icc. 
a a igs 4 ae ee From comparison of this value with the 
theoretical values of the ICC (Table 2) it 
Fig.4. Gamma-spectrum recorded may be inferred that this transition is pure 
Ml. 
The Qp line (Fig.3,c) is accompanied by y-rays having energies of 185 + 2, 
145 + 2 and 106 + 3 kev and relative intensities of S2°913. 5°52 aoe 
Comparison with the spectra reproduced in Figs.3,d & e shows that the 145 
kev radiation is nuclear radiation and is not the result of back-scattering of 
higher energy y-rays. The observed variation in the relative intensities of the 
lines is apparently connected with the fact that after emission of a 145 kev pho- 
ton the nucleus remains in an excited state which is de-excited by emission of 
a conversion electron; this leads to a shift of the corresponding Q-line. On the 


Counts in channel 


Table 2 
Multipole order assignments 


K shell ICC Lb Shell ~fG¢ 


2 | e 
“XP e bei ba 


40,55/4,7 E1+ <0,5%M2 
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other hand, the 185 kev transition apparently goes to the ground state. 
| The 106 kev y-line cannot be a Compton peak inasmuch as for an energy of 185 
kev the maximum Compton electron energy is 75 kev. 

On the other hand, the maximum energy of a back-scattered y-ray is 110 kev, 
which is somewhat higher than the observed value of 106 kev. 

The Nal(T1) crystal used in our main series of measurements absorbed 70% of 
the 185 kev y-rays; hence in principle back-scattering could occur. We carried 
out a series of control measurements of the y-spectrum in coincidence with the Qp» 
group using a thicker crystal (25 mm) which completely absorbed the 185 kev y- 
radiation. The spectrum obtained in this case was identical with that shown in 
Fig.3,c which proves that the 106 kev y-line cannot be explained as being due to 
back-scattering of higher energy gammas. 

The multipole orders of the 184, 145 and 106 kev y-transitions were deter- 
mined by comparing the measured K and L shell ICC with the theoretical coeffici- 
ents. For determining the number of decays accompanied by K x-rays we plotted 
the Q-spectrum in coincidence with the 93 kev photons (doubly hatched area in 
Fig.2). The K shell ICC was evaluated as 0.10 + 0.02. 

) For determining the upper bound of the integral L shell ICC we used the dif- 
ference between the areas under the spectra without and with coincidences (lightly 
hatched area in Fig.2). In calculating the ICC the measured area was doubled and 
divided by the total area under the spectrum. Thus we obtained a value of 0.07 + 

£0.05 for the integral L shell ICC. 

Through comparison of the experimental ICC with the theoretical coefficients 
given by Sliv & Band® (Table 2) we determined the multipole orders of these y- 
transitions. The assignments were arrived at as follows. 

185 kev y-transition. Pure Ml and M2 transitions are excluded by compari- 
son of the theoretical and experimental K shell ICC; E2 and Ml is excluded on the 
basis of the L shell ICC. Thus there remains only El + M2, wherein the admixture 
of M2 cannot exceed 0.5%. 

145 kev _y-transition. If the assignment is E2 + Ml, the admixture of Ml must 
be less than 5% (K shell ICC), but in this case due to this radiation alone there 

would be 25 L conversion electrons per 100 y-rays, which is more than 3 times the 
~ observed experimental value for the sum of all the radiations. 

Thus the only possible assignment is El + M2 with M2 not exceeding 1.5%. 

106 kev y-transition. Regarding this radiation one can only assert that it 
cannot be pure quadrupole. Thus, in the case of E2 the number of L conversion 
electrons would amount to 35% of the total number of y-rays (for M2 the number 
would be still greater) which, as we showed, cannot be. Hence the 106 kev radia- 
tion must comprise an admixture of dipole radiation; if the assignment is El + M2, 
the fraction of El must be > 90%, while if the assignment is Ml + E2, the admix- 
ture of Ml must be at least 70%. On the basis of our data alone, one cannot de- 
cide between these alternatives. The energies Sapir observed y-transitions and 
tipole order assignments are listed in Table 2. 

E he ‘he basis of our data on the Q- and y-spectra, we propose the Q-decay 

scheme for U235 shown in Fig.5. According to Nilsson's diagrams, the aah: ae 

tron must occupy a level with 5/2+ (633). This is the assignment ie the am 

state of Th231, It must be noted that in this nuclear region in al ganeay 

it has been possible to determine the sen sodas Wee sees state 
agreed with the predictions from s : 

ee ieee ghar level is apparently a rotational satellite of the aoe 

state. The reduced probabilities for the 185 and 145 kev lata he ge sat 

on this assumption agree with ue Beene egding ried ain Fe 

o the scheme in view 0 e 
piece nee’ between the y-ray energies and the separations between the Qp 
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& Mp and Ag & A, groups. The multipole order 
assignment for the transitions from this level 
indicates that its spin and parity must be either — 
5/2- or 7/2-. Both these assignments are allowed 


/a~ 7/2 
d by Nilsson's scheme. The 7/2- assignment is im- 
probable, however, in view of the fact that the 
Q-transition to this level is not favored (the 
ground state of U235 is 7/2-). The transition 
to the 385 kev level is favored, and the spin 
Wa 5/2 assignment for this level is 7/2-, which is also 
4a gid consistent with the multipolarity of the y-transi- 
tions from this level. 
If the observed 192 kev y-line actually con- 
Vese sists of two lines, on the basis of the shape of 
2" 5/2 the y-spectrum it may safely be asserted that 
je" 5/2 these lines are of comparable intensity and hence 


are both Ml. But in this case one must attribute 
Fig.5. Level scheme for Th231, a spin 7/2- to the 199 kev level and assume that 

it belongs to the rotational band with K = 5/2. 
The small separation (14 + 5 kev) between the 185 and 199 kev levels may be the 
result of "interaction" of the 199 kev (7/2- or 5/2) level with the 385 kev (7/2- 
or 7/2+) level.9 

Some difficulties are encountered in locating the 106 kev y-transition in the 
scheme. If this transition departs from the 185 kev level, the level at 79 kev 
cannot be the second level of the ground state rotational band: first, because in 
this case there cannot be a dipole transition, second, because in this case the 
energy interval rule is not satisfied, and third, because the observed transition 
intensity is almost one order of magnitude greater than the calculated reduced 
transition probability (0.5%). If this transition is dssumed to depart from the 
199 kev level, the absence of intense ~200 and 160 kev transitions from this lev- 
el is inexplicable. Hence it must be inferred that the 106 kev transition de- 
parts from the 185 kev level, and that the 79 kev level is a single particle one. 

Nilsson's scheme allows for the existence of single particle levels with the 
following spins: 5/2-, 3/2+, 7/2- and 1/2+. Inasmuch as 5/2- and 7/2- have al- 
ready been utilized and the 79 kev level cannot have spin 1/2 (the 106 kev transi- 
tion is dipole), there remains for it only the assignment 3/2+. It must be en- 
phasized that the above identification of the levels is only tentative in charac- 
ter. It may be asserted, however, that it is not in conflict with the experiment-— 
al data now available. 

We desire to express our sincere gratitude to S.A.Baranov and A. G. Zelenkov 
for valuable discussions and for making available the results of their investiga- 
tions prior to publication. We also thank M.F.Sobolevskaya for assistance in 
carrying out the measurements. 
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DECAY SCHEME FOR Eul47 
- Yu.A.Aleksandrov, Yu.A.Nemilov, M.K.Nikitin & Sh.Piskorzh 


We investigated the y-y coincidences and angular ‘anisotropy of the 76-120 
kev y-cascade in the decay of 24-day Eul47 (Ref.1) by means of a two-channel 
scintillation spectrometer with a fast-slow coincidence circuit (resolving time 
5-10-8 sec). The europium fraction was separated chromatographically from a tan- 
talum target bombarded with fast protons in the Joint Institute for Nuclear Re- 
search synchrophasotron. The europium fraction was held for 30 days to allow the 
major part of the Eul46 and Eul45 (T = 5 days) activities to die out. The pro- 
portion of the listed isotopes in the mixture was checked periodically by investi- 
gating the y-spectrun. 

In addition to Eul47 there was present in the investigated fraction an acti- 
vity with T> 50 days belonging to Eul48 and Eut49. This activity seriously ham- 
pered the investigation. 

The conversion electron spectrum of Eul47 was investigated by Anton'eva et 
al2, They observed electrons identified with the following y-transitions: 76.5, 
121, 198, 600, 676 and 800 kev. The y-spectrum of Eul47 was also investigated by 
Gorodinskii et a3 by means of a scintillation spectrometer. These investigators 
detected y-transitions with energies of 80, 124 and 200 kev. Gorodinskii & Fir- 
sov4»5 attempted to measure the y-y coincidences in Sml47, In their initial ex- 
periments they did not obserye coincidences between the 121 and 200 kev transi- 

tions and the x-rays from Sm q Upon increasing the resolving time of the co- 
incidence circuit to 3°10~° sec, however, these authors observed coincidences of 
the Sm x-radiation with the 121 kev 7y-rays. This they naturally interpreted as 
indicative of the existence of an isomeric state at 121 kev in Sm147, On the 
other hand, Berlovich et al® measured the upper bound of the mean lifetime of 
the 121 kev level and obtained T< 2-10719 sec. 

The absence of coincidences between the 121 and 200 kev transitions indicates 
the existence of the two levels with these energies in Sm147, while from the data 
on B-decay of Pm!47 it follows that one of the first excited states in Sml47 is 
the 121 kev level. 

. We established the existence of the following cascade transitions: 76-120-600, 
120-676 and 200-600 kev. The results of these measurements are shown in Fig.l. 

As will be evident from the figure, there are coincidences with all the 7- 
transitions in this energy region, which is evidence that Sm147 does not have an 
isomeric state. The coincidence peak at ~76 kev in view of its energy cannot be 
a peak due to addition of K capture x-rays and internal conversion x-rays from 
the 121 and 200 kev y-rays in the crystal, as was inferred in the work of Ref.1. 
The presence of a coincidence peak in the region of 40 kev is explained by coinci- 
dences of the K capture x-rays and the internal conversion x-rays from the 121 and 
200 kev transitions. 

The results of measurements of coincidences with the 76 kev y-rays are shown 
in Figs.2 & 3. The presence of a certain number of coincidences in the vicinity 
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Fig.3. Spectrum of Eul47 y-rays 
(high energy region) yielding co- 
incidences with the 76 kev y-rays. 


of 80 and 200 kev is explained by 
carne eee the fact that the fixed channel, in 
X 200 | addition to 76 kev y-rays, received 
and detected part of the Compton dis- 
tribution from the 600 to 676 kev y- 
Fig.1. Spectrum of Eul47 y-rays yield- rays. The shape of the singles y- 
ing coincidences with the 40 kev x-rays. spectrum in the high energy region 
is explained by superposition of the 
photopeaks from the 540 and 630 kev 
y-rays from Eul48 or Eul49, 

Figs.4 & 5 show the results of 
measurements of the coincidences 
with the 120 kev y-rays. The pres- 
ence of coincidences in the vicinity 
of 120 and 200 kev ts also explained 
by the fact that the fixed channel, 
in addition to 120 kev y-rays detect- 
ed part of the Compton distribution 
from the 600 and 676 kev y-rays. 

Figs.6 & 7 show the results of 
measurements of coincidences with the 
200 kev y-rays. 

We also measured the angular an- 
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isotropy A= 
120 kev cascade transition, and ob- 
tained A= -0.249. From this we de- 
termined the coefficient 4. in the 
Fig.2. Spectrum of Eul47 y-rays (low energy expression for the function w(9); we 
region) yielding coincidences with the 76 obtained Az, = 0.21 + 0.08. 

kev y~-rays. 
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All our experimental data on 7-7 coincidences are in agreement with the de- 
cay scheme plotted by Anton'eva et al? on the basis of energy relationships. 

The coefficient A, was compared with the theoretical values calculated for 
different level spins and transition multipole orders. The theoretical coeffici- 
ent for the sequence /f,,, i, and *,, and multipolarities I,=x 2 and J,2 1, is 4,= 
= -0.131. For the configuration sequence given by Anton'eva et al2 (hy, /,, and 
jy.) the coefficient A, = +0.05. In their book, Dzhelepov & Peker?’ give the fol- 
lowing assignments for the levels: 7/2-, 5/2- and 3/2-; in this case A, = +0.05. 
Consequently, our experimental value for the coefficient A, agrees within the lim- 
its of the experimental error with the sequence /7,, /,, /y,. 

This assignment for the ground state of Sml47 is not in conflict with the 
data on B-decay of Pmi47, According to Mayer's single particle model the ground 
state of Pml47 should be d,. Consequently, the B-transition between the ground 
states of Pm and Sm is a first forbidden B-transition. The experimental value 
of log ft, namely, 7.5, is not in conflict with this inference. This assignment 
is also substantiated by other results of experimental determination of the Sm147 
ground state spin made by Murakawa®, 

The ground state of Sm147 according to the single particle model is a hh, or 
jy, type state. 

Now let us consider the possible multipole order assignments for the y- 
transitions. The 76 kev transition cannot be El inasmuch as its intensity is low. 
The conversion coefficient and the K/L ratio for this transition have not been 
measured. The relative intensity of this transition? indicates that it is either 
Ml or E2. According to our measurements, an Ml type transition is not allowed 
by the spin selection rules. Consequently, this transition must be E2. 

According to the K/L ratio for the 120 kev transition obtained by Anton'eva 
et al this transition must be Ml + E2. The inference drawn by Berlovich et al 
on the basis of the measured upper bound for the lifetime of the 121 kev level 
(t € 2-10-10 sec), that this transition is El, is apparently incorrect inasmuch 
as this transition is forbidden by the parity selection rules; according to our 
results this transition must be Ml. 

The value of the conversion ratio K/L = 3.4 + 0.3 for the 200 kev transi- 
tion obtained by Anton'eva et al is in good agreement with the assumption that 
this transition is pure E2. This assignment is not in conflict with the spin 
and parity selection rules. 

The 600 and 676 kev transitions according to both the spin and parity selec- 
tion rules and the relative intensities should be Ml. 

se basis of all the above we propose the decay scheme for Eul47 shown 
in Fig.8. 


Scientific Research Physical Institute, 
"A.A, Zhdanov" Leningrad State University 
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CONCERNING THE Yb?64—7m164-+pr164 DECAY CHAIN 
- B.Dalkhsuren, I.Yu.Levenberg, A.N.Murin, Yu.V.Norseev, 
V.P.Pokrovskii & I.A.Yutlandov 


The existence of a 75-min positron activity in the ytterbium fraction obtain- 
ed by spallation of tantalum bombarded with high energy protons has been estab- 
lished in a number of investigations.1-3 The end-point energy of the positron 
spectrum is given as 2400 kev by Nervik & Seaborg!, 2900 kev by Kalyamin et al2 
and 2940 kev by Abdurazakov et al3, The last investigators also detected conver- 
sion electrons associated with 91.5 and 211 kev y-transitions. 

Abdurazakov et al proposed a new identification for this activity. They sug- 
gested that mass number involved is 164, i.e., hypothesized that there exists the 
Beoeane Tml64, decaying by positron emission to the 91.5 and 302 kev levels of 
Er ° 

We attempted to obtain direct proof of the existence of the daughter activi- 
ty of 75-min Yb and in particular to determine its period. We used the chromato- 
graphic technique for separating Yb and the Tm daughter isotopes. The y-spectra 
of the separated fractions were measured by scintillation spectrometers coupled 
to a multiple channel AMA-ZS analyzer and an automatic single channel analyzer. 

Our search for Tm164 in the daughter activity did not yield conclusive re- 
_sults; this could be attributed to the short half-life of Tml64 (at least 15 min 
~ elapsed from the appearance of the Yb on the chromatogram to the beginning of 
measurements of the daughter Tm). Attempts at more rapid separation of Yb and Tm 
were also not successful inasmuch as in this case the separation was incomplete. 

We therefore turned to observation of the build-up of Tml64 in the ytterbium 
fraction. To this end we took a drop of Yb from the leading edge of the separa- 
tion chromatogram and followed the variation in intensity of the 510 kev y-rays 
(annihilation radiation peak). The measurements were started 2-3 min after emer- 
gence of the specimen drop from the ion exchange column. The choice of the 510 
kev line was dictated by the consideration that the ~3 Mev positron radiation must 
belgng to Tm164 (the Tml64 - Er164 mass difference is 3785 kev according to Rid- 
del* and 3097 kev according to Cameron5) rather than to Yb164 (the ybl64 - Tm164 
mass difference is 1232 and 1301, according to Riddel and Cameron, respectively). 
Additional favorable factors were the absence of noticeable Bt-radiation from the 
other Yb isotopes present in the fraction (Yb166, Yb169 and Yb167; the last being 
short-lived, generally decayed completely by the time of separation) and the high 
intensity of the 510 kev y-rays in the spectrum of the fraction. 

The results of one of our experiments are shown in Fig.1. We show only the 
initial section of the curve (the measurements were usually continued for a period 
of 5 to 7 hours, so that the 75-min decay period could readily be followed). The 
puild-up is readily apparent, and the period obtained for Tm164 is 2 min. Mainly 
the measurements were carried out with the aid of a multiple channel analyzer; 
the time required for recording the complete spectrum was usually 30 sec, so that 
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we were able to record the full 
spectrum every minute. A great 
convenience was the use of an 
automatic recorder in conjunc- 
tion with the AMA-ZS analyzer. 
The data obtained in concurrent 
measurements with a single 
channel y-spectrometer gave ex- 
cellent agreement with the 
"multiple channel" data, al- 
though they are somewhat less 
convincing since only about 
half the points could be ob- 
tained for the build-up sec- 
tion of the curve. 
The average value of the 
period T obtained from over 
. x if te ten series of measurements is 
Fig.1. Initial section of the build-up and de- 2+ 0.5 min. The fact that 
cay curve for 510 kev y-rays: 1 - experimental T is comparable with the mea- 
curve (right-hand scale), 2 - results of sub- surement time A does not intro- 
traction (left-hand scale). duce any significant error into 
determination of T. Thus the 
intensity of the 510 kev y-rays (proportional to the amount of daughter Tm) is 
given to within a constant factor by 


I(t) = A(e-Mt — et), 


where 4; is the decay constant, 7, is the period of the parent isotope, and 7, is 
the period of the daughter isotope (7, >T7,). Then the intensity /(t;) at a given 
instant ¢; measured over the interval A; is 


+A; 


T@)= | 1@dt=a(ere Soe _ pay oe), 
p Ia = 


Inasmuch as i, A:<1, we have 
ee ee ee 


and 


A j —),; : pe 5 — —r.A; 
i 


shay saa it a apparent that with A;= const the factor multiplying e— is 
constant an ence does not affect 
le the determination of 7,, carried out by graph- 
This factor was taken into account in determining the fraction of the 510 
kev y-ray intensity connected with Tm, or, in other words, allowing for the pos- 
sible presence of positron radiation from Ybl64, For 7,= 2 min and A, = 0.5 min 
this factor is 0.92. It was found that the intensity of the positron radiation 
from Yb164, if it exists, amounts to not over 10% relative to the intensity of 
the positron radiation of Tm164, ‘he relatively high uncertainty of this evalua- 
tion is explained by the difficulty of precisely identifying the instant of sepa~ 
ration of Yb and Tm in the ion exchange column. 


~/iLLL 


Employing a similar procedure we followed the build-up of 90 kev y-radiation. 
In this case it was necessary to take into account the variation of the intensity 
of the 80 kev y-rays belonging to Yb166 and Tm166, since the 80 and 90 kev y-rays 
were not resolved by our scintillation spectrometer. The build-up of 7-80 was 
investigated by Baranovskii & Pokrovskii; it was also checked in our experiments. 
> results obtained for y-90 are in excellent agreement with the results for 7- 

We also made attempts to follow the variation in the intensity of the 210 kev 
y-rays; however, the results obtained were not conclusive owing to the low intensi- 
ty of this y-line. 


Thus it may be asserted that the existence of the chain 


yp —K— > tn KB 
75 min 2 min 
has been established. Further, if we take into account the demonstrated fact 
that the 80 kev transition actually occurs in the daughter nucleus (between the 
levels of Er), the 164 mass number assignment proposed by Abdurazov et al? for 
this chain becomes highly probable. 

A further argument in favor of the inference that the 91.5 kev transition 
occurs between the levels of the even-even nucleus is the following. From our 
measurements we could determine the ratio of the abundance of 90 kev y-rays to 
the number of positrons: 0.08 + 0.03. Abdurazov et al give the ratio of the in- 
tensity of the L conversion electrons from the 91.5 kev transition to the intensi- 
ty of Bt; 0.14 + 0.03. This gives us the value of the L shell conversions coef- 
ficients: %, = 1.75 +1. This value is in good agreement with the theoretical 
value’ of 2.16 for E2 radiation, and differs greatly from the other closest values, 
namely, 0.054 for El and 0.45 for Ml. Then, on the assumption of E2 radiation, 

_ the intensity of the 91.5 kev transition amounts to not over 40% the number of 
| positrons emitted in the Yb!64_57m164_Er164 decay series. 

Aside from the 91.5 and 211 kev lines, in our experiments we did not detect 
any intense (10% the number of B*) lines that could be attributed to Yb!64 or 
tml64, ‘This indicates that the major part of the decays of Yb164 and Tm!64 goes 

~ to the ground state (Fig.2). Evaluating log ft for each of these transitions we 
find that for each of them log ft < 5, which indicates that these transitions 
are allowed. 

This, however, would appear to be in 
- conflict with the possible spin assign- 

ments for Tm164, 

Thus, according to the theoretical 
rules®, which are usually valid, the spin 
of the odd-odd nucleus ggTmh$* should be 
equal to |Q,+2,|, where Q, and ©, are the 
spins of the odd (69th) proton and odd (95th) 
neutron, respectively. According to Nils- 
son's? scheme ©, = 1/2+ and Q, = 5/2-, so 
that the spin of Tml64 should be 2- or 3-, 
but neither of these values is consistent 
with the allowed character of the transi- 


502 4* tion. 
fhe It is known, however, that for the 
"5 O° 95th neutron there is realized a state with 
bite 5/2+, located close to the 5/2- state (for 


61 - Ref.10). Further, it is known 
Fig.2. Proposed decay scheme for the Dyl see Re ; 
xe a = 164 Sain’ (Refs.10,11) that for Z = 69 there is re- 
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alized the 1/2+ state, but with decrease in the number of neutrons it is ap- 
proached ever closer by the 7/2+ state. Thus for Tml71 the energy separation 
between the 1/2+ ground state and the excited 7/2+ state is 636 kev, for Tm169 
the separation is 316 kev, while for Tml67 it is only 176 kev. Thus it is not 
impossible that in the case of Tm154 the last proton is in the 7/2+ state. Then 
|Q,-—+Qn| may be either 1+ or 6+. The 1+ assignment is consistent with the al- 
lowed nature of the transition. These inferences are, naturally, only tentative, 
and the entire question requires further investigation. 

We are grateful to K.Ya.Gromov and E.P.Grigor'ev for valuable discussions. 
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INVESTIGATION OF NEW NEUTRON-DEFICIENT PLATINUM ISOTOPES 
- T.V.Malysheva, B.A.Khotin, A.K.Lavrukhina, L.N.Kryukova & V.V.Murav'eva 


The present work was undertaken with a view to investigating the neutron- 
deficient isotopes of platinum forming as the result of spallation of gold bom- 
barded with 660 Mev protons. Gold samples weighing 1-2 g were bombarded in the 
Joint Institute for Nuclear Research synchrocyclotron, and the active platinum 
and iridium fractions separated from the product. The platinum isotopes were in- 
vestigated by studying the conversion electron spectrum and the genetic relation- 
ships. 

Owing to the lack of a satisfactory technique for separating carrier-free 
platinum and iridium, we carried out a number of experiments to develop such a 
procedure. The proposed procedure is based on anion exchange separation of the 
chloride complexes of platinum and iridium. The chloride complex of tetravalent 
platinum (PtCl¢) 2- is well sorbed by the strongly basic anionite Dowex-I, while 
the tetravalent complex of iridium (IrClg) 2- is reduced as a result of evapora- 
tion with hydrochloric acid and the reducing action of the resin to the trivalent 
complex (IrCl,) 3-, which is unstable in 8N HCl and is eluted under the given con- 
ditions.1-4 The column was flushed with 8N HCl under pressure insuring an elution 
rate of 0.7-0.8 ml/min. 

The elution curve for Ir(III) is shown in Fig.1. The 
N-10°2 p/min fact that the curve has a horizontal section indicates that 
at the given moment there began to be elutriated the just form- 
ed daughter iridium. The platinum was obtained by ashing the 
upper resin layers. 

To remove the alkali and alkaline earth elements, the 
platinum and iridium in 0.1-0.4 N HCl solution were passed 
through a column filled with KU-2 cationite.° 

5,0 The purity of the iridium and platinum depends primarily 
on the presence of gold, osmium, rhenium, tungsten and tanta- 
lum that form from the gold. The gold was eliminated by ex- 

25 traction with ethyl ether; the osmium was eliminated in the 

form of Os04 in the process of solution of the target in boil- 
ing aqua regia. The tungsten and rhenium were sorbed on the 
anionite, but in the subsequent flushing of the target were 
10 ml probably partially eluted. Thus the passing of iridium and 
Fig.1. Elution of platinum through the anionite not only separated these elements 
Ir(III) by 8N HCl. but cleansed them of the major impurities. 
All the final solutions were further purified from ex- 
ities by double distillation. 
pla eae of Pe pct eeenn) of the conversion electron spectrum of the iri- 
dium fraction are given in Ref.6 (present issue of the Bulletin, p.1086). s 

We investigated the conversion electron spectra of the platinum Ae ae By 
means of a magnetic, helical orbit B-spectrometer with a resolution : epee ite 
experimental spectra are shown in Fig. 2. iets of the conversion 

are summarized in the accompanying table. 
ieee che conversion electron spectrum of the platinum fraction fat tener ee 
f lines the intensity of which fell off with a period of 10-1 ays. : 
Echoes lines are associated with a y-transition of 155 + 0.3 kev energy belong 
ee to Irl88, which builds up from 10-day Ptl88. We detec ten tse ae aes 
188 with energies of 187.0 + 0.3 kev and 194.5 + 0.3 kev . 
tions of Pt In addition, we observed 
well as a new y-transition with Ey ri Be fT PM = 0.4 kev. n ’ 
- ition which may be attributed to 
lines associated with a 184.0 + 0.5 kev 7y-trans 
either Pt188 or Irl89, 
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Results of investigation of the conversion electron spectrum of the 
platinum fraction 


| 


Halt fe 
Ee, kev Identifi-—- cae 
f abula— 
Measured Mel sea cation Measured |ted (7) 
ee ee 
84,6-+40,3} ~3 days L-98,5 98,5-40,3/ 97—99 | } 


118,1+0,3]} 444 » days Lyy1-129 129,7-+0,3/129,9 
126,6+0,7| 4 days M-129,9 
429,1+0,2 | ~5 days N-129,8 


121,7-40,3 |4,5+1 days 
423,5-+0,4 |38,54+1 » 


) 
115,640,3 |4,3-++4 days Ker Vingeg oe - 
) 


L,-135,6 
3,4—4,5 bho A 
days {I ? 
132,3-+0,2 | ~5 days M-135,6 
134,740,3| ~5 » N-135,4 


| 135,4-0,3/135,5 ptiss m 
68,8+0,5 | 344 days, (FHT; 88 

I 

) 


70,94+0,5| 341 » 1782, 4 Be oat) Sens | 
79,1-+40,5 ~d days 93 D M-82,5 | 
eae a8 22)? n ceyaeel a as Ubi: 268,2-+0,5/267—268 |¢ Pt 
274° 9£0"5 379-05 ; K-351 351 -£0,5)/351—352 
283,6-£0,5 |2,6-10,5 » K-359,6)  359-+0,5)/360—361 
Sion lars ie 41 hr hae \ 140,3+0,4/ 140 Piles 
3 : evera -lod, 
hours 
80,8+0,3 | ~10 > = Gi Lees) 
So ee a ee a 
,9-+0,2 |10,5-+0,5 hr oe. -94, 
93,3+0,3 | 1044 hr = N-94,0 
97,7+0,3 | 10+1 hr _ ? = Ptise 
229,7+0,2 | 10+14 » Z — Pie 
EH EB | so age ot ENE | ensacs| ons | 
’ ’ a » WE 3 
Se ee eee eee 
107,6-£0,4 ae Pi es pee: \ 184,040,5) — ae 
’ = ? ~10 » 1p! s) 
410,940,4!~10 » ‘ee ays K-187,0 487,0-L0,3|188,5 [8] | Pts 
173,8+0,3|~10 « [8] |(Zy + Lyy)-187,0 
118,5+0,3 | ~10 » mes K-194,6 
181,5+0,3 | ~10 » } 14 3) (L; +n) -194,5 194,5-+0,3| 195,4 [8]} Ptr 
174,0-40,4 |2,5-40,5 hr = (ie -eoeodon 4 
) ’ ’ 4 — 187 
172,8-+0,4 |25+0,5 » = Ly11-184,0 } get pulse 
166,4+0,4| 344 hr (PREY or 
168,3+0,4] ~3 » an Lyq1-179,5 \ 179,50,4)  — Ptise 
37,4+0,2 | <10 hr — = |(Zy + Ly,)-50,5 
39,2+0,2| <10 » ne Lyy1-50,4 } 50,540.2|  — 
80,8+0,3 | ~10 da K-4154,7 
ere rea : 41-441 ee 10 days |(L; + L,;)-154,9 
ae ae : 10-40,5 days | Usriga Lyyy-154,9| $ 155,0+40,3) 155 [rise 
Ba 11412 M-154,8 
154,440, 4 4200s |) N-155,0 
240,9-+0,4 /14,5+-1 br 43 hr K-314,4| 314,440,4| 314,4 Ir287 


222,540,4 14,544 » | 14—16hr. K-296,4| 296,4-0,4| 297 Ir186 


> 


= TTS 4- 


N, pulses/min 


Fig.2. Experimental conversion electron spectra of the platinum fraction on the 
first (I), second (II), and subsequent days after irradiation. The figures give 
the conversion electron energies in kev. 


The observed group of lines the intensity of which falls off with a period 
Be.3,*° 4 days characterizes the well-known transitions of Pt195m, ptl193M and 
Pt ° 

We attributed the conversion lines decaying with a period of 10-11 hours to 
pt189, In addition to the lines of the already known? 140 kev transition, we ob- 
served six new conversion lines; four of them were identified as the Ly + Lyy, 
Lyyz, M and N lines of a 94.0 + 0.2 kev transition. 

The presence in the platinum fraction spectra of the 314.4 and 296.4 kev 7- 
transitions belonging to Irl87 and Irl86 (Ref.10) indicates that in the spalla- 
tion of gold there forms, in addition to the already known platinum isotope, ptls6, 
a new isotope, Pt187, No conversion lines corresponding to y-transitions of Irl85 
were observed in the platinum fraction spectrum. It may be assumed that the period 


of Pt185 is either very long or, what is more probable, short: < 20 min. 


We also observed four conversion electron lines the intensity of which fell 
off with a period of 2.5 + 0.5 hours. We identified these as the LI + Lyy and 
Liq lines of a 184 + 0.4 kev transition and the Ly + Lyz and Lyyzy lines of a 
179.5 + 0.4 kev transition. 

On the basis of the period these may be attributed to pt184, pt1l86 or ptl87 
(Ref.6). 

The period of the platinum isotopes were determined by separating the daughter 
iridium from the platinum fraction at equal intervals ranging from 1 to 4 hours 
(Fig.3). Determination of the integral period of pt186 and Ptl87 from the activi- 
ty of 15-hour Irl86 and 13-hour Irl87 yielded a value of 2.2 + 0.5 hours, which is 
in good agreement with the data of Baranov et alS, 
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The period of the platinum determin- 
ed from the activity of the daughter iri- 
dium decaying with a period of 3 hours 
was found to be 2.6 + 0.6 hours. Accord- 
ing to Baranov et al® this period may be 
assigned to the new platinum isotope Pt194, 
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NEUTRON-DEFICIENT ISOTOPES OF RARE EARTH ELEMENTS OF THE CERIUM GROUP 
(SPALLATION PRODUCTS OF EUROPIUM BOMBARDED WITH 660 Mev PROTONS) 
~ A.K.Lavrukhina, G.M.Kolesov & Tan Syao~-en 


From the standpoint of theory the justification for detailed investigation 
of neutron-deficient isotopes of the rare earth elements of the cerium group, 
which are of undoubted interest to nuclear spectroscopists, is that such investi- 
gations yield data on the cross sections for their formations in different nuclear 
reactions. Hitherto such isotopes have been obtained mainly from reactions with 
relatively low energy particles. In the range of high bombarding particle ener- 
gies there is available information only on the yields of individual isotopes of 
the cerium group, for example, Ce134 and Cel35 produced by spallation of tantalum 
by 340 Mev protons! and Cel34, nal40 and Gal47 obtained by splitting of bismuth 
by 660 Mev protons2. Detailed information on the formation cross sections of rare 
earth isotopes in spallation of hafnium under bombardment with 660 Mev protons was 
obtained in the work of Ref.3. It was established that the yieldsof the cerium 
group isotopes are substantially smaller than the yields of isotopes of the heavi- 
er rare earth elements. 

In view of this we felt it would be of interest to investigate the spallation 
products of europium and samarium, particularly since the process of spallation 
in this nuclear region has not been studied. Only the cross sections for the 
(p,pn) and (p,2p) reactions on Cel42 at proton energies from 0.4 to 3 Bev -are 
known. 

Separation of the rare earth isotopes forming as a result of spallation of 
europium and samarium is hampered by difficulties connected primarily with the 
necessity of eliminating the bulk of the target material. We solved the separa- 
tion problem by using the technique of electrolytic deposition on a mercury cath- 
ode. It was found that in electrolysis from acetate-citrate solutions 97-98% of 
the samarium enters the amalgam9, while 98-99% of the spallation product elements 
remain in the solution.©& We also investigated the composition of radioactive 
rare earth isotopes of the cerium group forming as a result of bombardment of 
samarium with protons of different energies and europium and neodymium with 660 
Mev protons. ? 

In the present communication we give the results of our investigation of 
the cross section for formation of rare earth isotopes as a result of spallation 
of europium bombarded with 660 Mev protons. 


Experimental procedure 


Europium oxide (99.8% Eug03) targets weighing 2 to 5 mg were bombarded for 
50 min in the internal 660 Mev proton beam of the Joint Institute for Nuclear Re- 
search synchrocyclotron. After chemical separation of the rare earth elements 
from the bulk of the target, they were separated into fractions in a 25 x 0.2 cm 
jon-exchange column filled with KPS-200 cationite in NHS form (grain size - 400 
mesh). The isotopes were eluted with ammonium lactate, the concentration of which 
in the process of separation varied from 0.4 to 0.8 n. The eluate drops were col- 
lected on a moving tracing paper band, dried under a lamp and scanned with an MST- 
17 counter. The various fractions were jdentified from the position of the activi- 
ty peaks on the chromatogram (Fig.1); the individual rare earth isotopes were 
identified from the decay periods and radiation energies (Table 1). 

The yields of the Bt and B -active isotopes were calculated by the procedure 
described earlier in Ref.8; the yields of the electron capture isotopes were 
evaluated from the L radiation accompanying K capture’. The uncertainties in 
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Table 1 


Characterization of the radioactive isotopes of rare earth elements 
forming as a result of spallation of europium 


| Formation 


Esotope | Ts 
Lal31 | 60 min 
Lals2 | 4,6 hr 
La? 19,7 » 
sgcels2 4,00" ¥ 
Cel4 72 =» 
Cel35 292 » 
(e133 
Ce8? \ 8» 
Cet? 140 day 
soPris4 
prl36 tees 
p.is7 f 70 min 
pri3s ) 
Pri39 4,5 hr 
te 16 hr 
Eye 13 day 
go Nd139 0,6 hr 72 
Ndi40 ae day 28 


—s 


= 


Formation 
= cross. SCCc— 
Fie is tion, mb 
Tsotope Ti, 
F ml Froui lig Fens From a 
i rom Hf | By 
BU | ef. 3) (Ref, 3) 
ia Nd141 3 hr 141 0,4 ** 
g1 m4! 30 min 783 19 ** 
Pm145 18 day 1,9 
Pm148 5,3 day 0,15 
5 Pm!*9 50 hr Or 
xx 2,5 **| Pm150 Bib <5 0,08 
5 x* : 6 ** 
Sm142 72 min 75 
* 10,3 | Sits 340 day 6,3** | 10** 
=> 0,03 Sm153 2 day == 
0,7 : kk 
2 Eul#4 45 min 5S 2 
14 ni Eyl 5 day 28 8 
23 Eul47 15 ** 30 ** 
45 ** tat Eul48 \ 39» 44 ** 
, Eu150 teed sie 5 
be aw] ete] RT | 
iF eaGd4? 36» = 12 
L Gd149 9,3 day — 2 


*The data listed in the table are average values for three experiments. 


**Interpolated data. 
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Fig.l. Chromatographic separa- 
tion of the rare earth elements 
by ammonium lactate at pH = 5.8 
and t = 86-90° (elution rate - 
2 drops per min.). 


evaluating the yields of these two groups are 
estimated to be 50 and ~100%, respectively. 

The yield of Pr134 was calculated from the 
activities of the daughter Cel34; the yield of 
Sm142 was evaluated on the assumption that the 
relative intensity of the positron decay branch 
is 10%. In determining the yields of Nal4l, 
Lal32, pr139 and Cel34 we took into account the 
contribution of neighboring isobars. In view 
of the fact that the neighboring isobars for the 
lightest isotopes - Cel32, prl34, pr136, nql39, 
Na140, sml42, Eul44 and Eul45 - are not known, 
in evaluating the yields of these we could not 
allow for the effect of neighboring isobars. In 
determining the yields of Cel32, cel34, nql39, 
Na140, sm142 anda sm145 we took into account the 
contribution from the daughter isotopes. 

The proton beam was monitored by measuring 
the Na24 activity of an aluminum foil. The 
Al27(p,3pn)Na24 reaction cross section was as- 
sumed to be 10 mb. 
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Fig.2. Yields of the radio-isotopes of rare earth elements forming as a result of 
spallation of europium. Dashed lines - line of nuclear stability. The figures 
at the points give the formation cross section for the isotope in millibarns; the 
figures at the curves represent the mean cross section for the given curve. 
Fig.3. Mass number distribution of isotope yields: 1) experimental data, 
2) interpolated data. 


Discussion 


A chart of the identified isotopes with independent yields is shown in Fig.2. 
In the chart isotopes with approximately the same formation cross section are con- 
nected by solid lines. The dash line represents the line of maximum nuclear sta- 
bility. It will be evident that isotopes forming with a maximum yield lie in the 
region of neutron-deficient isotopes. 

Fig.3 shows the distribution of isotope yields for each element according to 
mass number. A complete bell shaped curve was obtained only for cerium and praseo- 
dymium. For the other elements we obtained only the right-hand branch of the 
curves owing to the lack of information on isotopes with a large neutron deficit 
in this nuclear region. The isotopes characterized by maximum yield values are 
Cel34, pr137, na139, pml41, sml42 and Eul44- Obviously, in most cases these are 
the lightest known isotopes of the given elements. From the character of the 
distributions one can predict the yield of as yet unknown lighter isotopes. To 
this end we need merely draw the left hand branches of the bell shaped curves on 
the assumption that in each case the peaks have been attained and that the lighter 
isotopes will form with a smaller yield. The theoretical left-hand branches have 
been plotted (dashed lines) for neodymium, promethiun, samarium and europium. 
These dashed curves show that isotopes of samarium, promethium and neodymium with 
mass number one or two units smaller than 142, 141 and 139, respectively, should 
be produced with relatively high yields (formation cross sections 40 to 10 mb). 
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Fig.4. Variation of the cumulative 
yield of isobars with mass number. 
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Fig.5. Gamma-spectrum of the daughter 
Ce fraction separated from Pr: 1 - 
first measurement, 2 - spectrum after 


1 hr 25 min, 3 - after 3 hr 35 min. 


Table 2 
Abundances of rare earth isotopes in the 
earth's crust and in the end decay 
product of spallation of europium 
by 660 Mev protons 


AE AEE ee ee 
Isotope content, % 


Element Mass 
: number | Earth's|Spallation 
| crust product 

1 a2 4 

138 0,089 = 

Lanthanum 139 | 99/914 100 
136 0,193 oat 
138 0,25 34,7 
Cerium 140 88,48 23 
142 11,07 — 

Praseodymium 144 400 100 
142 Mh Ae 
143 Wer Boe 

: 144 23 , 87 

pecan ee 145 8.3 14:4 
146 “UW fale 10,3 

148 EWP = 

150 5,6 _ 
144 3,16 62,8 
147 15,07 ee 

Samarium 148 A327 . 
sac 149 13,84 6F2 
150 7,47 4,3 

152 26,63 — 

154 22505 = 

: i bay 4117 400 
Eerropi ns 153 | 52,23 ast 


For praseodymium and cerium with A < 134 
and 132, respectively, the cross sections 
for the formation of any new neutron-de- 
ficient isotopes should be <1 mb. 

The cerium group formation cross sec- 
tions observed in spallation of europium 
by 660 Mev protons are substantially high- 
er than the cross sections for the forma- 
tion of these isotopes in spallation of 
hafnium. It will be evident from the data 
of Table 1 that the yield of Cel34 from 
europium is three times higher than the 
yield from hafnium, that of Cel37 is 30 
times higher, that of Pr139 8 times higher, 
of Nd139 4 times, of Nal47 7 times, of 
Pml41 4 times, of Sml42 12 times, and of 
Eul44 25 times. 

It will be evident therefore that 
bombardment of europium (or samarium) with 


660 Mev protons is a more efficient procedure for producing neutron-deficient iso- 


topes of the cerium group of rare earth elements than bomb 


example, 


ardment of hafnium, for 
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The variation of the cumulative yield of the different isobars as a function 
eed "nia inated exits Fig.4. It will be seen that the maximum yield 
eee = fe) region. The values of the cumulative yield for 

gion amounts to 60-120 mb. These cumulative yield values can 
_be utilized for determining the possibility of obtaining samples of relatively 
long lived isotopes suitable for spectroscopic studies. 

The total cross section for the formation of rare earth isotopes in spalla- 
tion of europium by 660 Mev protons equals 0.9 barns, which amounts to ~50% of 
the geometrical cross section. 

Analysis of the experimental data shows that neutron-deficient isotopes ac- 
count for 92% of the total yield of all rare earth element isotopes forming in 
the spallation of europium. The percentages of stable isotopes and neutron-rich 
isotopes are appreciably smaller: ~6 and 2%, respectively. Also of interest is 
the isotopic composition of the rare earth elements forming as a result of com- 
plete decay of all the radioactive spallation products. The abundances of the 
different stable isotopes in the end spallation-decay product together with data 
on the isotopic composition of the corresponding rare earths in the earth's crust 
are listed in Table 2. 

It will be evident from the tabulated data that the isotopic composition of 
the rare earth elements in the earth's crust differs from the isotopic composition 
in the product of spallation of europium by 660 Mev protons. Lighter isotopes pre- 
dominate in the spallation product. Of interest from the standpoint of elucidat- 
ing the role of nuclear reactions of high energies in the formation of the chemi- 
cal elements is the ratio of the abundances of Cel36 and Cel38. It will be evident 
from the data of Table 2 that in the earth's crust the ratio of these cerium iso- 
topes is 0.8, while in the europium spallation decay product, the ratio is 0.4. 
The magnitude of this abundance ratio may be expected to increase with increase 
of the bombarding proton energy. This fact merits attention,and further investi- 
gations employing higher proton energies may yield an answer to the question of 
at what proton energy the Cel36:Ccel38 abundance ratio will be the same as in the 
earth's crust. Thus it may be possible to evaluate the influence of nuclear re- 

. actions produced by cosmic rays on the isotopic composition of the earth. 


New praseodymium isotope - Pri34 


In an earlier contribution’ we reported the possible formation in the process 
of splitting of samarium by 660 Mev protons of a new praseodymium isotope, pr134, 

To substantiate the existence of this isotope we carried out a series of ex- 
periments in collaboration with V.V.Malyshev; in these experiments, immediately 
after bombardment of the target, the cerium was separated in radiochemically pure 
form by extraction of Hg[Ce(NO3) 6} with ethyl ether from 8 n nitric acid.10 The 

daughter cerium was separated five times at hourly intervals from the residual 

golution. All these fractions contained an activity with T = 72 hours, correspond- 
ing to Cel34, Obviously, this isotope forms from prl34, the period of which is 
evaluated as ~1 hour from the Ce!34 activity in the daughter fractions. The 7- 
spectrum of the daughter cerium after the first separation from the Pr fraction 
was recorded for us by Yu.A.Surkov and V.G.Karpushin on a 100-channel scintilla- 
tion spectrometer (Fig.5). There were detected lines with energies of 0.128 
(T ~ 4-5 hr), 0.216 (T ~ 17 hr) and 0.440 Mev. 


"vy 1. Vernadskii"” Institute of Geochemistry and Analytic Chemistry 
of the Academy of Sciences of the USSR 
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INVESTIGATION OF THE NEUTRON-DEFICIENT ISOTOPES OF OSMIUM 
- Yu.A.Surkov, G.M.Chernov, A.K.Lavrukhina & Z.V.Khromchenko 


Investigation of the neutron-deficient isotopes of osmium is of undoubted 
interest in view of the paucity of experimental data on the decay schemes and 
structure of nuclei in the iridium-osmium-rhenium region. Particularly scanty 
are data on the neutron-deficient isotopes of these elements forming in nuclear 
reactions induced by high energy particles. In view of this the results of our 
investigation of the neutron-deficient isotopes of osmium obtained by proton 
bombardment of gold may not be without interest. 


Procedure 


The neutron-deficient isotopes were produced by 1-2 hours bombardment of a 
0.2 g gold sample with 660 Mev protons in the Joint Institute for Nuclear Research 
synchrocyclotron. The iridium and osmium fractions were radiochemically separated 
from the irradiated gold, and then at definite intervals the daughter elements, 
daughter Os and daughter Re, were extracted from these fractions. The purity of 
the separated elements was checked by appropriate radiochemical procedures. The 
study was concerned primarily with the Os fraction; the other fractions were in- 
vestigated to the extent necessary for clarifying the results obtained for the Os 
isotopes. 

For analysis of the B- and y-radiations of the nuclear reaction products we 
used a 100-channel scintillation spectrometer and appropriate B- and y-counting 
equipment. The y-spectrometer consisted of a detector (40 x 50 mm NaI(T1l) crystal 
coupled to an FEU-3 photomultiplier), a linear amplifier, a discriminator and an 
AI-100 type 100-channel pulse height analyzer. The relative half-width of the 
characteristic Csl37 y-line recorded by the spectrometer did not exceed 9%. The 
decay periods were determined from the rate of decrease in the height of the indi- 
vidual peaks in the y-spectrum and the decay of the integral activity of the sepa- 
, eee Mtn rated fractions. The integral activities were 
i 05!” measured either by means of a ~4x scintillation 
230 kev counter or by means of end-window B-counters with 
a solid angle <10%. 


900 


Investigation of Osmium Isotopes 


a0 The y-spectrum of the osmium isotopes ex- 


tracted from the proton bombarded gold is shown 
in Fig.l. On the basis of analysis of the energy 
distribution and the decay curves for individual 
y-lines and the integral B- and y-activities we 
jdentified the following isotopes: Osi82 (T 20 
ple tes hr, Ey = 510 kev), Osl83 (T ~ 13 hr, E, = 168, 
as sébkey =, 32 and 1110 kev), Os/82™ (T ~ 10 hr, E, = 171 
egy and 846 kev) and 0s185 (T ~ 90 days, By = 646 kev). 
All the enumerated isotopes have a half-life 


$00 


900 


aa i29 60 100 40 +%>10 hrs. However, in the y-spectrum we observed 
Channels an intense line at 230 kev which decayed with a 
Fig.l. y-Spectrum of Os iso- period of ~2.7 hrs. No such short period y-rays 
topes forming as a result of have hitherto been reported for any neutron- 


bombardment of gold with 660 deficient osmium isotopes. Control experiments 
Mev protons. The 510 kev peak aimed at checking the purity of the osmium frac-~- 
belongs to 0s182. tion showed that it was free of radioactive im- 
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Fig.2. Decay curve for the Os isotope. 


purities, which gave reason to infer the existence of a new osmium isotope with 
a period of about 3 hours. The existence of such an isotope was substantiated 
by our investigations of daughter Os and daughter Re (see below). 

There was not evinced in our experimental spectrum the ~23 min activity (E, = 
= 170 kev) reported by Fester et all, This is explained mainly by the fact that 
the spectrum was investigated approximately an hour after the end of bombardment 
when the remaining small fraction of this activity would be unnoticeable against 
the background of the y-rays of approximately the same energy from Osl82 and Os183 
and the new intense 230 kev line. However, in the measurements of the integral 
activity of the osmium fraction, which were begun somewhat earlier, we succeeded 
in observing an activity with a period of ~23 min. 

The decay curve obtained for the integral activity of the Os fraction, mea- 
sured by means of an end-window counter, is shown in Fig.2. By resolution of 
this curve we obtained the following periods: Ty ~ 23 min, Ty ~ 3 hr, T3 * 20 hr, 
(08182 & 0s183) and T4 ~ 90 days (0s185), ‘These results tend to substantiate our 
identification. 


Investigation of the Daughter Osmium Isotopes 


Fig.3 shows the y-spectrum of the daughter Os built up over a period of 3 
hours in the Ir fraction separated from the irradiated gold. It will be evident 
that some of the lines shown in Fig.1 also appear in this spectrum, although with 
different relative intensities. What is of interest, however, is not the simi- 
larity but the difference between these spectra. The new 230 kev line does not 
appear in Fig.3. The fact that this line is absent from the daughter Os spectrum 
indicates that if there is an Ir parent of the 2.7 hour Os isotope, it must have 
a very short period and a mass number probably smaller than 183. Also not evident 


'N, counts/min 


382 Kev 


486 kev 05/85 
646 kev 
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Channels 


Fig.3. Gamma-spectrum of 
daughter Os isotopes form- 
ing as a result of decay of 
Ir obtained by 660 Mev pro- 
ton bombardment of Au. 
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in the daughter Os spectrum is the line at 510 kev, 
belonging to 0sl82, which gives ground for analog- 
ous inferences regarding the parent Ir182, 

The fact that there are present in the daughter 
Os spectrum y-lines associated with 0s183 and 0s183m 
indicates that there exists the as yet unknown iri- 
dium isotope, Ir183, which decays to both the ground 
state and isomeric state of 0s183, 

The integral activity decay curve for the 
daughter Os fraction is shown in Fig.4. Resolution 
of this curve brought out the following gecay peri- 
ods: Tj © 23 min, To ~ 10-13 hr (0s183 & OslS3m) , 
and T3 © 90 days (0s185), 

The 23 min activity was present in all the in- 
vestigated daughter Os fractions. In view of this 
we made an attempt to determine the half-life of 
the corresponding parent Ir isotope. To this end 
we carried out repeated separations of the building 
up daughter Os with precise determination of the 
chemical yield. At present we have only prelimin- 
ary data, which indicate that the Ir isotope from 
which the 23 min Os forms has a period of not less 
than 5 hours. 

The lightest iridium isotope described in the 
literature2 is Irl84. From the above said it fol- 
lows that there also probably exists Irl83, and 


that there probably do not exist any lighter isotopes (Ir182 and Ir181) with 


iO min, 


In view of this, the mass number assignment - A= 181 - made by Fes- 


ter et all for the ~23 min Os isotope is mistaken. 
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Fig.4. Integral activity decay curve for the daughter Os isotopes. 


Investigation of the Daughter Rhenium Isotopes 


The activity of the daughter rhenium building up in the Os fraction sepa- 
rated from the bombarded gold was investigated primarily for determining the mass 
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number of the new 2.7 hour osmium isotope. 
Mcoumcs/man Fig.5 shows the spectrum of the Re daughter 

isotopes extracted from the Os fraction. It will 

be evident that the activity corresponding to the 


ci Rel? shortest lived osmium isotope (we show the spectrum 
cee of the fraction in which there is obviously no de- 
600 cay product of 23 min Os), i.e., to the 2.7 hour 
Os, is Rel81 (T = 20 hr, Ey = 365 kev). Consequent- 
400 ly, it may be inferred that the detected 2.7 hour 


activity belongs to 0s181, 

Fig.6 shows the integral activity decay curve 
for daughter Re obtained by means of a scintilla- 
tion counter. From the resolution of the curve it 
f 20 40 60 80 oo +is apparent that almost the entire activity falls 


Channel s off with a period T, ~ 20 hr (Rel81), and that only 
Fig.5. Gamma-spectrum of an insignificant fraction belongs to a long-lived 
the daughter Re isotopes rhenium isotope, probably Rel83 with a period To ~ 
forming as a result of de- ~~ 70 days. 
cay of the Os fraction ob- To check this we carried out quantitative de- 
tained by 660 Mev bombard- terminations of the daughter Re, which was separated 
ment of Au. at hourly intervals from the Os (in all we extracted 


six fractions). The measurements of the relative 
amount of Rel81 were made by means of a y-spectrometer with reference to the 365 
kev line and also from determinations of the 20-hour activity calculated from the 
daughter Re decay curve. The data obtained indicate that the parent nucleus of 
Rel81 actually does have a period of ~3 hr. Thus there is good reason to assume 
that the mass number of the new osmium isotope is 181. 
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20 as t, days 
Fig.6. Integral activity decay curve for daughter Re isotopes. 
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fortunately, extremely scanty. 
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Discussion 


The data on neutron-deficient isotopes of Ir, Os and Re forming in nuclear 
reactions at high bombarding particle energies available at present are, un- 
Hence some of the inferences drawn here, being 
based on unverified data, may be erroneous. However, the good agreement of our 
experimental results with those of Fester et al! may be taken as confirmation of 
our identifications of the neutron-deficient isotopes of osmium formed in proton 
bombardment of gold. As noted above, in our experiments the proton energy was 
660 Mev, i.e., one order of magnitude higher than in the work of Fester et all 
(10-80 Mev). We hoped, therefore, to obtain some new data, mainly on the lightest 
isotopes of osmium, the yield of which should presumably increase with the proton 
energy. The results of our experiments give reason to infer the existence of a 
new neutron-deficient osmium isotope, Os181, forming in the process of bombard- 
ment with high energy particles. This isotope decays with a period of 2.7 hours, 
converting by orbital electron capture to Rel81, In the process there are emit- 
ted 230 kev y-rays. 

Our data also established the existence of Irl83, which decays by electron 
capture with a period of several hours. In decaying, this iridium isotope forms 
both isomers of osmium, Osl83 and Osl83m, the periods of which are 13 and 10 
hours, respectively. The branching ratio to these states was not determined owing 
to the lack of adequate data on the decay schemes for the Os isotopes. 

In our investigation we also observed the 23 min activity of osmium reported 
by Fester et al. Of particular interest is the presence of these 170 kev y-rays 
in the radiation from the daughter osmium fraction. Our experimental results 
and the inferences drawn therefrom tend to substantiate the existence of such an 
osmium isotope; one cannot, however, make a reliable mass number assignment for 
it at present. It is not impossible that the 23 min isotope is actually an iso- 
mer of one of the osmium isotopes identified by us. 

We desire to express our deep gratitude to V.I.Baranov for his constant 
interest in the work. 
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BETA-GAMMA ANGULAR CORRELATION IN THE DECAY OF Lal40 AND Cel41 


The theory of B-y angular correlation has by now been fairly thoroughly de- 
veloped. 1-4 It follows from the results of theoretical calculations that it is 
worthwhile analyzing the correlation only in the case of once forbidden 6B-transi- 
tions inasmuch as in the case of allowed transitions there is no correlation, 
while in the case of more strongly forbidden transitions interpretation of the 
results becomes too complicated. 

In once forbidden B-transitions with Aj = 0, 1 the anisotropy coefficient 
a in the correlation function W(5) = 1 + acos? 9 depends on several of the B-transi- 
tion matrix elements and, in addition, on the angular momenta of the nuclear lev- 
els between which the B-transition occurs, on the multipole order of the y-radia- 
tion and on the energy of the B-particles, Obviously, owing to the fact that the 
anisotropy coefficient depends on a large number of matrix elements one can hardly 
expect to obtain information on the characteristics of the nuclear levels through 
analysis of B-y angular correlation. It makes better sense to investigate corre- 
lation in y-transitions between levels with known spins and parities and then to 
attempt to evaluate the matrix element ratios. However, in the case of once for- 
bidden B-transitions with Aj= 2, i.e., in the case of unique B-transitions, the 
anisotropy coefficient no longer depends on the matrix elements and can be calcu- 
lated theoretically. In this case investigation of B-y angular correlation can 
yield additional information on the assignments for the nuclear levels. 

In the present work we carried out measurements of the B-y angular correla- 
tion in the decay of Lal40, inasmuch as there are data indicating that the B- 
transition between the ground state of Lal40 and the first excited state of Cel40 
is a unique transition (4--»2+).5 The half-life of Lal40 is ~40 hours. The B- 
transition in question accounts for less than 10% of all the decays. The end- 
point energy of this B-spectrum is 2.2 Mev. The energy of the B-rays is 1.6 Mev. 
The end-point energy of the next lower energy partial spectrum is 1.7 Mev. 

Our Lal40 was obtained by neutron irradiation of lanthanum oxide in a pile. 
The source was prepared in the form of a thin (0.5 mg/cm2) layer of oxide on an 
aluminum foil (0.2 mg/cm2), The measurements were carried out by means of the 
equipment described earlier§. We measured the differential angular correlation 
for a B-particle energy of 1.8 Mev. The gate of the y-spectrometer analyzer was 
adjusted so as to detect y-rays in the energy interval from 1.0 to 1.6 Mev. As 
a result of the measurements we obtained a= 0.12 + 0.04 (the indicated uncer- 
tainty is the statistical error). This value of the anisotropy coefficient is 
not in conflict with the result (0.13) obtained by Jensen’ in measuring the inte- 
gral B-y angular correlation for Lal40 in the B-particle energy range from 1.7 
to 2.2 Mev. 

On the basis of the work of Dolginov? and Hauser* we calculated the aniso- 
tropy coefficient for a 4~-»2t-%s0t transition. For a B-particle energy of 1.8 
Mev we obtained a value of 0.22 for the anisotropy coefficient. 

It will be evident that the calculated and experimental values differ sub- 
stantially. In the present case one can hardly expect a smoothing out of the 
correlation and reduction of the experimental value since high energy B- and y- 
radiations were detected. Thus there is reason to question the 4- assignment 
for the ground state of Lal40, If one assumes that the spin of the ground state 
of Lal40 is 3-, calculations for a 3--8s2+-2%.0+ transition show that the calcu- 
lated value of the coefficient can be brought into agreement with the experiment- 
al value with a reasonable choice of the matrix element ratio values. 

In the work of Ref.6 Lenny be carried out measurements of the B-y angular 
correlation in the decay of Ba for the purpose of determining the sign of the 
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B-interaction constants. The experimental values agreed with the theoretical ones 
found on the basis of the single particle nuclear model only for a negative value 
of the ratio of the vector and axial vector interaction constants. In the present 
work, for the same purpose, we carried out measurements of the correlation in the 
decay of Cel41, Theoretical analysis of this case is more complicated than in the 
case of Bal39, inasmuch as it is necessary to take into account five matrix ele- 
ment ratios, two of which remain unknown, arbitrary parameters. Analysis could 

be carried out by measuring the variation of the anisotropy coefficient as a 
function of the B-particle energy. 

The period of Cel4l is 32.5 days. Approximately 75% of all the disintegra- 
tions are accounted for by the transition to the 145 kev level in Pri41. The end- 
point energy of this B-spectrum is 430 kev. The energy of the y-rays accompany~ 
ing the B-decay is 145 kev. The B-y transition of interest to us is characterized 
by 7/27Bo7/2t-2s5/2t.° 

The Cel4l was obtained by neutron irradiation of cerium oxide in a pile. The 
measurements were carried out one month after the irradiation, when all extraneous 
activities had virtually died out. The source was prepared in the form of a thin 
(0.1 mg/cm?) oxide layer on aluminum foil. The measurements were carried out for 
a B-particle energy of 400 kev. 

The y-spectrometer detected y-rays with a maximum energy of ~150 kev. On 
the basis of the experimental results we obtained a = 0.006 + 0.020 (the uncer- 
tainty is the statistical error). The absence of noticeable anisotropy precludes 
the possibility of theoretical analysis of this case. 
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CONVERSION ELECTRON SPECTRUM OF THE DYSPROSIUM FRACTION FROM THE SPALLATION 
PRODUCTS OF TANTALUM 
- A.A. Abdurazakov, K.Ya.Gromov, B.S.Dzhelepov & G.Ya.Umarov - 


The conversion electron spectra of dysprosium isotopes formed by spallation 
of tantalum bombarded with 600 Mev protons were investigated by means of a uniform 
field magnetic B-spectrograph. The source was prepared by evaporation of drops 
of the eluate obtained in the process of chromatographic separation of the rare 
earths; the backings were 0.2 x 8 mm aluminum foil strips 5 uw thick. 

At present the following radioactive neutron-deficient isotopes of dysprosium 
are known: 134-day Dy159, 8-hr Dy157, 10-hr Dy155, 13-hr Dy154, 5-hr Dy153 and 
2.3-hr Dy152, There are also indications in the literature that there may exist 
dysprosium isotopes with A<153 and a period shorter than half an hour. Such iso- 
topes could not be observed in our experiments. Our experimental conditions were 
also unfavorable for observation of the conversion lines of Dy159, Thus in the 
recorded spectra there could be evinced conversion lines emitted in the follow- 
ing radioactive series: 


Dy157_8 br 7p157_? .Gq157, 
K K 
Dy155_10_ hr 7p155_ 5.6 day ¢q155. 
y —xpF x ; 


Dy154 13 hr Tp154_18 hr a 8 hr Gal54, 
K 


Dy153 = Tp153 32 AE.Gb153 236 day 7153, 


Dy152 2.8 hr p52 18 _brscd152, 


The conversion electron energies were determined by means of calibration 
curves plotted for each spectrogram. For purposes of calibration we utilized 
the following lines: K-82.98, K- and Ly-326.6 (Dyl57), K- and Ly-227.0 and K- 
-508.0 (Dy155), K- and Ly-a09.8, K-161.5, K-163.5 and K-180.4 (Tb155) , K-212.2 
(Tb153) , and K- and Ly-344.3 (Tb152). The energies of these conversion electrons 
had _ been determined with good accuracy in the work of Mihelich et all and Anders- 
son’, In all our experiments these lines had an appreciable intensity and where 
they occurred in the recorded energy interval were clearly evinced in the spectro- 
gram. In analyzing our results we made only qualitative evaluations of the line 
intensities. 

A series of tantalum targets were bombarded, the bombardment times being 15- 
20 min, 2 hours and 4 hours. In the case of the 4 hour bombardment, the chromato- 
graphic separation was performed 15-20 hours after the end of bombardment. In 
the case of the targets bombarded 15-20 min and 2 hours, the separation was car- 
ried out 2-2.5 hours after irradiation. This variation of the bombardment time 
and of the interval between the end of bombardment and separation enabled us to 
obtain sources with different isotopic compositions. This and primarily succes- 
Sive exposure of a series of photographic plates with appropriate exposure times 
enabled us in most cases to identify the isotopes responsible for the recorded 


lines. A section of the spectrogram obtained in one series of measurements is 
reproduced in Fig.1. 
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Fig.1. Section of conversion electron spectrum of the dysprosium fraction. 
1. Dy157. 8.2 hr p157_? .Gq157 
K K 


The conversion electron spectrum of Dyl57 was investigated by Mihelich et 
alt, All the more intense lines of Dyl57 detected by these authors were observed 
in our experiments as well. 


2. Dy155_10 hr 7p,155_5.6 day ¢q155 
r] 


The conversion electrons emitted in the decay of Dy155 were observed in the 
investigations of Toth & Rasmussen? and Dzhelepov et al4,5, In these investiga- 
tions, however, the sources, in addition to Dyl55, contained Dy157, Hence unambi- 
guous identifications of the conversion lines were feasible only in the energy 
range to 300 kev for which there are available the data of Mihelich et al on Dy197, 
The experimental data now available do not allow of determining to which of the 
isotopes, Dy155 or Dyl57, a given conversion line appearing in the energy range 
above ~300 kev spectrum of a mixed Dy155 + Dy157 source belongs. In Table 1, our 
experimental data on the conversion electron spectrum of Dy155 are compared with 
the results of Toth2 and Dzhelepov et al5, The lines that are definitely known 
to belong to Dy157 have been omitted from the Table. There is reason to assume 
that all or at least most of the remaining (listed) lines belong to Dy155, On 
the basis of analysis of the data of Table 1, one can draw the following deduc- 


tions. 
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A. The measurements of Dzhelepov et al® 
in general correctly represent the character 
of the conversion electron spectrum, although 
the poor resolution of the instrument used by 
these investigators did not permit resolution 
of some of the lines. 

B. Our results are in good agreement with 
the data of Toth & Rasmussen2. 

C. Toth & Rasmussen list but do not identi- 
fy the conversion lines having energies of 381.2, 
432.2, 446.4 and 455.8 kev. We feel there is 
no alternative to assuming that these are the 
K lines of transitions having energies of 434, 
484, 498.6 and 508 kev, respectively. 

The decay scheme for Dy!55 proposed by 
Toth & Rasmussen? and Dzhelepov et al5 is sub- 
: tes stantiated by the e~- — e~ coincidence experi- 

0 SL < S| ments of Dzhelepov & Sergienko®, On the basis 
ee ts Sar of the data of Table 1 one can insert into this 
scheme a level at 662 kev (Fig.2). As for the 
Fig.2. Decay scheme for Dyl59, positrons appearing in the decay of Dy155 and 

observed in the work of Dzhelepov et al5 (the 
end-point energies of the B-spectrum components are 850 and 400 kev), the avail- 
able data are inadequate to determine which levels of Tb155 are fed by the posi- 
tron decay. It is possible, for example, that the positron decay of Dy155 popu- 
lates the 662 and 227 kev levels of Tb155, 

Our data on the conversion electrons of Tbl!55 are in good agreement with the 
results of Mihelich et all, 


662,0 


3; py154 25 St srpts 18 hr or 8 hr 43154 


Alpha-decay of the dysprosium isotope with A = 154 was detected by Toth & 
Rasmussen’. There are no reports in the literature regarding the existence of a 
K capture branch in the decay of Dy154, There is no reason, however, to doubt 
that it exists and has a substantial intensity. In our experiments K capture of 
Dy154 could be detected by observing the conversion lines associated with the 
123.2 kev y-transitions appearing in the decay of Tbt54, The results obtained by 
Mihelich et all in investigating the conversion electron spectrum of Tb154 show 
that this is the most intense transition in the decay of this nuclide. We ob- 
served no traces of conversion lines associated with the 123.2 kev y-transition 
in investigating the spectra of the Dy activities. The reasons for this are not 
clear: either the period of Dy154 as reported by Toth & Rasmussen” is incorrect, 
or the yield of Dy154 is much smaller than the yield of the neighboring isotopes. 


4, Dyl53 Shr ppl53 62 hr ggl153_236 day pyl53 


Dy153 was first obtained by Toth & Rasmussen’ by the Gd152(q,3n)Dy153 reac- 
tion. These investigators established that the Dy153 emits ~3.3 Mev Q-particles 
and that its period is 5 days. 

The presence of Dy153 in dysprosium fractions obtained by spallation of tan- 
talum has been established in the mass spectrometric measurements of Dobronravova 
et al8. In these experiments it was demonstrated that Tb153 forms in the decay 
of Dyl153, Thus it was proved that there exists a K capture branch in the decay 
of Dy153, An 80 kev line was observed in the y-spectrum of Dy153, The existence 
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Table 2 
Conversion electrons of Tbi53 (T = 62 hr 
__ tan oo se fa seen eS eee 


Toth & HK 
Michelich et al?* Bae awene Our data 
Abia oy & ie eae 
No. Identifi- | Ze Tdenti fi~ H Ee. kev | Identifi- 
E = t . t 
SS eee cation kev cation . | cation 
1 2 3 4 5 6 “| 8 9 


2} 3aiit | 450 L,-41,5 | 33,28) L,-41,68 | 622,0 | 32,95 | L,41,4 
B|n 133, 56.019 380 le p41 so = 627,0 | 33,47 | Dy-41,4 
4} 34,25 | 400] Ly77-41,5 | 34,40} Lyyy-41,68 | 634,0 | 34,20 | Lyyy-41,4 
5 | 37,26 | 180] K-87,4 | 37,44] K-87,64 | 661,5 | 37,13 | XK-87,4 
6 i it 
7 
8 
9 


ia i he 39,82} M-41,68 ~ ~- 
ef a 41,33| N-41,68 = = — 
43,31 75 | 9 Ly51,7 «|, 43,45)- L,-51,84 = oe “< 


oS 
— 
~J 
o> 
= 
oO 
w& 

i 

= 
on 
= 
ee) 

| 

| 

| 

| 

| 


12| 54,87 | 145| K-102/1 | 52,03] K-102,3 787,0 51,82 | K-102,1 
43,| 59,57 | 1000] K-109,8 | 59,60; K-109,9 846,8 59,57 | K-109,8 
44] 59,71 L,-68,1 -_ — = = ea 
15 as — — 74,30| K-124,5 sa = sate 
16 = = = 79,17} L7-87,55 984,0 79,02 L,-87,4 
17 = = — 81, 26 — — — — 
AS cl ¢: ba = — 86,79 — = — - 
19 = — -- 91,20} L,-141,9 oe = = 
20| 93,74 25| L,-102,4 = — = = — 
24 = = — 95,37 oa < — — 
22 | 101,44 | 210] L,-109,8 |101,62| Z,-109,9 | 1126,3 | 101,46 | L,-109,8 
23 | 109,4 10 | N-109,8 = — aa == — 
24 = = = £20,42| -470,6> | 1237,0 | 120,35 | K-170,6 
Dy | AY 55 | K-4174,4 |124,24] K-174,5 | 1258,6 | 124,17 | K-174,4 
26 | 107,9 55 | M-109,8 as — 1166,0 | 108,10 | M-109,8 
27 — — 133,17} £,-141,5 — -— — 


28 | 144,97 45 | K-195,2 |144,95| K-195,2 | 1372,2 | 144,97 K-195,2 
29) 161,97 | 195 | K-212,2 |162,23] K-212,3 1461,0 | 161,97 K-212,2 
30 | 166,00 10 | L,-174,4 — pte 1482,0 | 166,10 | L,-174,4 
34 | 186,81 10 | L,-195,2 — = -- — 


32 | 199,57 60 K-249,8 |199,43} K-249,7 1647, 2 199,57 K-249,8 
2 | 203,84 30 L,-212,2 |203,24 L,-212,3 | 1667,65 | 203,84 L,-242,2 


*Only the y-transitions are listed in the work of Mihelich et al!. The con- 
version electron energies listed in the table were calculated on the basis of 
Mihelich's data. 

**Toth & Rasmussen? made only a qualitative evaluation of the line intensi- 
ties; they merely divide the lines into a number of intensity classes. 


of a K capture branch in the decay of Dy153 was substantiated in the work of Basi- 
na et al9 and Dzhelepov & Zvol'skiilO and in the present experiments. We, and 
Basina et al9, observed conversion lines of Tb153 in the spectra of the dysprosi- 
um fraction, while Dzhelepov & Zvol'skii also observed increase in the intensity 
of these lines with time. 

Our experimental results for the conversion electron spectrum of Tb153 are 


listed and compared with the results of Mihelich et al! and Toth & Rasmussen? in 
Table 2, 
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Table 3 

Conversion electrons of Dy153 (T = 5-6 hr) 
Ne. He Ee,kev | Identification || No, Bo Ee, kev agen iets 
1 | 578,4 | 28,60 K-80,6 15 | 1377,6 | 146,00 | ™M-147.8 
2 596.0 | 30,33 K-82,3 {6 | 1486,0 | 166,88 | K-218,9 
3 753,0 47,63 K-99,6 17 | 1994,7 | 188,72 | K-240,7 
4 9355 0-fip! 7459 L-80,6 18 | 1613,3 | 192,55 | K-244,5 
5 940,0 | 72,54 L-80,6 19 pip A96155 | - 202552 | K-254,5 
6 9470 | 73,62 L,-82,3 20 | 1698,4 | 210,25 | L,-218,9 
7 950,0 | 73,99 L77-82,3 24 fed 19050 4 292,71" |  K.274,4 
8 954,0 | 74,58 Liyy-0238 22 | 1816,8 | 235,99 | L,-244,5 
9 944,2 | 80,57 M-82,3 23 | 1863,8 | 246,0 L,-254,5 
40 | 1017,0 | 84,02 | K-136,0 or L,-92,8 || 24 | 1889,4 | 251,8 (K-303, 8) 
sO 40625094513 L,-99,6 Dyna 903,28) 260,10" |" Le 274s7 
12 } 1091,0 | 95,69 K-147,8 26 | 2261,0 | 337,79 | K-389,8 
be GA DAT Ould 22,42 K-174,1 27s) .02968,5 || 863572. (K-415,7) 

14 | 1340,6 | 139,08 M-147,8 


As will be evident from the table we did not detect a number of weak conver- 
sion lines observed by Mihelich et al: K- and Ly-68.1, Ly-, Lyy-» Lyzy7~ and M-51.7, 
Ly-102.1, N-109.8 and Ly-195.2. 

On the other hand, it is difficult to understand why Mihelich et al did not 
observe the Ly;-87.4 and N-170.6 lines which were clearly evident in our measure- 
ments and in those of Toth & Rasmussen? and Anton'eva et alll, 

We attribute the conversion lines listed in Table 3 to Dy153-»Tp153, One 
can adduce the following arguments in favor of the assertion that these lines ap- 
pear in the decay of Dy153; 

A. It is apparent from an examination of photographic plates exposed in suc- 
cession for the same source that the period corresponding to the lines listed in 
Table 3 is close to the period of Dy153 and Dy155, One cannot attribute these 
lines to Dy157 or Dy155 inasmuch as none of these lines was observed by the au- 

. thors of Refs.1 and 2, while we, in turn, did not observe the weak lines of Dy157 
and Dy155 detected by these authors. 

B. Among the conversion lines in Table 3 there are lines associated with 
80.6 and 82.3 kev transitions. As was noted above, Dobronravova et al8 observed 
y-rays of 80 kev energy in the spectrum of Dy153, 

C. Basina et al2 report that the period corresponding to the conversion elec- 
trons from the 244 and 255 kev y-transitions is 5-6 hours. 

D. Dzhelepov & Zvol'skiilO established that the period corresponding to the 
decay in intensity of the conversion electron lines associated with the 80.8, 
82.5 and 99.7 kev y-transitions is somewhat shorter than the period of Dy157, 
They evaluated this period as 6-7 hours (from the decay in intensity of the 80.8, 
82.5 and 99.7 kev conversion lines). 

In view of the above we believe that in the decay of Dy153 there occur 7- 
transitions with energies 80.6, 82.3, 99.6, 147.8, 174.1, 218.9, 240.7, 244.5, 
254.5, 274.4 and 389.8 kev. Possibly transitions with energies of 92.8 (or 136.0), 
303.8 and 415.7 kev also occur in the decay of this isotope. 

No conversion electrons associated with the decay of Gd153 to Eul53 were 
detected in our experiments. 


In 1958 Toth & Rasmussen’? obtained a new Syeprordim isotope, Dy152, by the 
Gal52(q@,4n)Dy152 reaction. They found that Dyl9%2 emits ~3.5 Mev a-particles and 


be present 


Table 4 
Results of investigation of 


the conversion electron 
spectra of 2.3 hr Dy152 and 
18 hr Tbl52 


_ 


Tdenti fi- 
NOs leu team aaemecu cation 
.-3 hours . 

Dy Be as 9. Tbts2 

4 |1674,0 | 205,18 | K-257,2 
2, |1875,0 | 243,60 | L,-257,2 
3 }1904,6 | 255,2 M-257,2 
Tpis2 —_18 hours __, gqisz 

4 |41327,8 | 136,70 | (K-185,9) 
BD. lA) 0) || 2p li) Ke Zils 
3 | 2075,45} 294,07 K-344,3 
422.53 ,00|— ooo ,9 1 L,-344,3 
| 2B G |) Sal Or K-441,3 
6 | 2444,5 | 382,31 K-432,5 
7 '3057,0 | 538,16 K-588,4 
8 |3162,9 | 566,00 K-616,2 
9 |3320;4 | 607,8 | L,-616,2 


Hence 


344.3, 411.3, 432.5, 588.4 and 616.2 kev occur in the decay of Tbl52, 
a transition of 186.9 kev energy is also involved in the decay of Tb152, 
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that its half-life is 2.5 hours. 

The presence of Dy!52 in the dysprosium frac- 
tion obtained by spallation of tantalum was estab- 
lished by Bonch-Osmolovskaya et al112, Basina et 
al9 and in our experiments. 

The results of our investigation of the con- 
version electrons from Dy!52 and Tb152 are shown 
in Table 4. 

The variation in intensity of the lines as- 
sociated with the 271.3, 344.3, 411.3, 432.5, 

588.4 and 616.2 kev y-transitions in the succes- 
sively exposed plates gives reason to assert that 
these y-transitions arise in the decay of the 
daughter Tb. We cannot attribute these lines to 
Tb155 or Tb153 inasmuch as none of these lines was 
observed by the authors of Refs.1 and 2. Moreover, 
none of the lines listed in Table 4 was observed 

by us in the experiments carried out with the frac- 
tion obtained by prolonged bombardment (4 hours 
bombardment, chromatographic separation 15-20 hours 
after bombardment). 

On the other hand, 1) it is known that a 344.3 
kev y-transition occurs in Gdl52 (Andersson?) and 
2) Basina et al? observed build-up in the intensity 
of the conversion lines associated with 344, 432, 
586 and 615 kev transitions. 

Thus of the known terbium isotopes that might 


in the dysprosium fraction, there remains only Tb152, 
it may be safely asserted that the y-transitions with energies 271.3, 


Possibly 
All 


the listed y-transitions except the last were observed in the work of Anton'eva 


et alll 


Tb151 or Th154, 


As arguments that the 257.2 kev transition occurs in the decay of 2.3 hr 
Dy152 one can adduce the following facts: first, this transition is observed only 
when the chromatographic separation is carried out immediately after proton bom- 


; however, these investigators erroneously attributed the transitions to 


bardment, and, second, from a com- 


Table 5 parison of the blackenings in suc- 
Unidentified conversion lines cessively exposed plates it is 
evident that the period corre- 
No. Ho | E., kev No. He Ee, kev sponding to the 257.2 kev transi- 
tion is _ shorter than the period 
i 782,0 51,2 | 9 1441,0 158, 1 (5-6 hr?) for the lines associ- 
2 930,8 7420 OF «40 1470,5 163,84 ated with the 254.7 kev trans- 
3 937,0 72,10 14 1560, 2 181,70 acti 
4 1100, 2 97,18 12 1763,0 224,11 Ey 
; ae 197,96 13 1853,8 243,9 In Table 5 we list the con- 
1349, 140,6 1979,0 269 , 28 
’ 1388'0 47°86 i 1979°0 971°95 version electron lines that we 
8 1415.0 1531 observed in our experiments but 


in the decay of Dy or Tb isotopes with T > 15 hr. 
belong to Dy152 or Dy153 (more probably the latter) 


were unable to identify. Lines 


Nos.2,3,9 and 12 probably appear 
The other lines presumably 


- 1137 - 


Thus as a result of investigation of the spectrum of the dysprosium fraction 
in the energy range from 25 to 1000 kev: 

1) we substantiated the data of other authors on the conversion electron 
spectra of Dy157 (T = 8.2 hr), Dy155 (T = 10 hr), Th!55 (T = 5.6 hr), and Tbl53 
-(T = 62 hr). We obtained evidence for a new level with an energy of 662.0 kev 

in TbL55; 


wee we substantiated the existence of a K capture branch in the decay of 
Dy . 

We obtained the following more accurate values for the energy of the y- 
transitions in this isotope: 80.6, 82.3, 99.6, 244.5, 254.5 and 147.8 kev and 
detected new y-rays with energies of 174.1, 218.9, 240.7, 274.4, 303.8, 389.8 and 
415.7 kev; 

3) we established the existence of Dy!52 in the dysprosium fraction obtained 
by fast proton bombardment of tantalum. We discovered a new 257.2 kev y-transi- 
tion occurring in the decay of Dy152 and thus proved the existence of a K capture 
branch in the decay of Dy1l52; 

4) we obtained more accurate values for the y-rays emitted in the decay of 
Tb152; 411.3, 271.3, 432.5, 588.4 and 616.2 kev, and discovered a new y-transi- 
tion with an energy of 186.9 kev. 

We desire to express our deep gratitude to I.A.Yutlandov, S.Khainatskii, 
V.A.Khalkin and Yu.V.Norseev for carrying out the chemical separations, I.Zvol'- 
skii and A.S.Basina for making available their experimental results on the dys- 
prosium fraction prior to publication and for valuable discussions and to F.M. 
Abdurazakova for assistance in carrying out the measurements and processing the 
results. 
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DISINTEGRATION OF Nd140 anp pr140 
- E.1.Biryukov, 0.1.Grigor'ev, B.S.Kuznetsov & N.S.Shimanskaya 


1. In the neodymium fraction separated from a tantalum target bombarded with 
660 Mev protons there is observed approximately one day after separation virtual- 
ly one activity with a period of ~3.3 days. This activity can be atte Danes to 
neodymium 140, which by pure electron capture converts to prl40, pr ,» in turn, 
decays to stable Cel40, In view of the short lifetime of prl40 (3 min) in work- 
ing with any Na140 sample we are necessarily dealing with an equilibrium mixture 
of Nai40 4 py140, 

The results of various studies of the radiations from Nal40 + Prl40 | includ- 
ing ours, are summarized in Table l. 

It will be evident from an examination of the Table that the information on 
the radiation from these isotopes is far from complete and that the data of dif- 
ferent investigators even on the relative intensities of the integral K x- and 
8-radiations conflict. Some results, as for example the data of Wilkinson & 
Hicks! obtained by the method of absorption disagree significantly with the data 
of other authors. The decay scheme for Ndl40 is not known and the energy of the 
Nd140-»py140 transition has not been determined. 

Inasmuch as, as will be shown below, precise data on the intensity of the 
L x-, K x- and Bt-radiations of the equilibrium Nd140 + pr140 mixture make it 
possible to calculate the distribution between the decay branches for Nd140 and 
Prl40, we felt it would be of interest to measure the intensities of the Bt-, 

y- and x-radiations, including the L x-radiation, which hitherto had not been in- 
vestigated. 

2. The Na140 + prl140 equilibrium mixture used in the present experiments, 
like the source employed in the work of the Dzhelepov group3-5, was obtained by 
separation from a tantalum target bombarded with 660 Mev protons in the Joint 
Institute for Nuclear Research synchrocyclotron. In the neodymium fraction ob- 
tained by chromatographic separation, in addition to 3-day Ndl40, there was at 
first present a minor admixture of shorter lived activity with a period of a few 
hours. This activity was presumably due to 5.5 hr Ndl39, Thus upon second sepa- 
ration of the Nd fraction in an ion exchange column, in the Pr fraction there 
was observed an activity with a period of ~4.7 hours obviously due to Prl39, 
Hence all subsequent measurements were undertaken after the passage of not less 
than 40-50 hours after the chemical separation, usually after double ion-exchange 
separation. 

The Nd140 + pr140 radiation was investigated by means of a y-spectrometer 
with a proportional counter (soft L and K x-radiation) and a scintillation spec- 
trometer with an NaI(T1) crystal (K x- and y-radiation). 

The experimental set-up with the proportional counter was essentially the 
same as that described earlier in Ref.6. For some of the measurements, however, 
we used a new proportional counter of somewhat different design, which provided 
for continuous purification of the working mixture. This substantially enhanced 
the resultion of the instrument. Moreover, this counter had provision for evacu- 
ating the airspace between the source and the ~30 mg/cm2 entrance window. 

The experimental x-radiation spectra of the equilibrium Ndl40 4 pyl40 mix- 
ture, recorded by means of the proportional counter are reporduced in Figs.1 and 
2. There are clearly evident in the spectra L- and K x-radiation peaks with ener- 
gies close to those of the Ly and Kay lines of Pr and Ce. The minor peak in the 
region of 40 kev is connected with the KB8' lines of Pr and Ce. 

For the K x-radiation measurements there was installed between the source 
and the entrance window of the counter a beryllium absorber, the thickness of 


(L-+-K) -1902 


Conver. electron 


(L-+-K)-1596 


Table 1 
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Observed radiation 
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which (~1150 mg) was sufficient to absorb vir- 
tually all the B-particles from the source. 

In some of the measurements this elimination 
of the electrons was realized by means of a 
magnet producing a 4000 oe field in the gap 
between the source and counter. 

The relative intensities of the L and K 
radiations, i.e., the IL/I, intensity ratio, 
was determined on the basis of the corrected 
ratio S;,/Sx of the areas under the L and K 
peaks. In evaluating the intensity ratio we 
took into account the efficiencies /, and /, 
of the counter in detecting the L and K x-rays. 
These efficiencies were determined by means of 
the formulas of Bisi & Zappa? on the basis of 
the known x-ray absorption coefficients for 
argon and the geometry of the experiment. In 
the case of the measurements for which there 
was an air filled gap between the source and 
counter window, we introduced a correction /’ 
for absorption of the x-rays in air, which for 
the L radiation was appreciable. The experi- 
mental value found for /’; was 20%, which was in 
good agreement with the theoretically calculated 
value of 19.2%. For the K x-radiation of Nd and 
Pr the corresponding correction was of the order 
of 0.5%. 

In all, we carried out five series of mea- 
surements of IL/Ix for the equilibrium Ndl40 + 
+ Prl40 mixture. Each series comprised three 
to seven measurements of this ratio. The aver- 
age values for Sj,/Sy and I,,/I, are listed in 
Table 2. It will be seen that our mean value 
for I;/Ix is 0.13 with an uncertainty of 25%, 
according to our evaluation. 

We determined the ratio between the K x- 
radiation and Bt-particle intensities by means 
of the scintillation spectrometer. The cover 
of the aluminum container over the upper part 
of the NaI(Tl) crystal was removed and the sur- 
face of the crystal was covered with a 4 mg/cm? 
polyethylene film and a ~1.5 mg/cm? aluminum 
foil. The source was mounted at a distance of 
6 cm from the crystal and its radiation was col- 
limated so that the cross section of the radia- 
tion beam in the central plane of the crystal 
would be 2 cm in diameter. In measuring the K 
x-radiation we introduced a correction for the 
escape peak due to iodine x-rays from the crys- 
tal. According to the data of Axel9 this cor- 
rection at an energy of 35 kev should be 26%. 
The efficiency of the crystal was determined by 
means of the formula deduced by the method of 
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I, pulses/min 


Pulse height, v 


Fig.1. Experimental L x-ray spectrum of Nd140 + pr140 recorded by means of the 
proportional counter: a) without absorber, b) with 26 mg/cm2 absorber. 
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Fig.2. Experimental K x-ray spectrum of Ndl40 + prl40 recorded with the propor- 
tional counter. 


Table 2 
Average experimental values of the ratios Ty,/I, and IK/Ig+ 
S1/8K fb iy IK Tr/TK | 28K/S8y-510 ip | Fy-510 | Ik/Tp+ 
ee iace es eftoele ene 9,9+0,5 | 0,622 | 05132 | 2,1-+0,2 
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Fig.3. Radiation spectra of Nal40 + pr140 recorded on the scintillation spectro- 
meter with an NaI(T1) crystal: a) K x-radiation, b) annihilation radiation. 


Maeder et a1l9. This efficiency curve was checked in a wide energy range by 
means of sources calibrated beforehand with a 4x counter. 

One of the experimental K x- and y-radiation spectra in the energy region 
to 650 kev is shown in Fig.3. Aside from the intense K x-radiation peak, there 
is evident in this region only a peak in the vicinity of 510 kev due to annihila- 
tion radiation. The intensity of the positron emission was determined on the 
basis of the area of this annihilation peak. In determining it, in addition to 
the efficiency of the crystal in detecting photons of this energy, we took into 
account the absorption of the annihilation radiation in the 1700 mg/cm2 lead ab- 
sorber located near the source. 

The absolute intensity of the 6t-radiation was also measured by means of a 
calibrated counting set-up with an end-window counter. In these experiments the 
positrons could be deflected by a magnetic field or absorbed by a beryllium ab- 
sorber. This enabled us to determine the correction connected with the effici- 
ency of the counter in detecting the L and K radiation in determining Ip+. 

As a result of measurements of the intensity of the annihilation radiation 
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I, pulses/min 


25 104 


I, pulses/min 


Pulse height, v 


Fig.4. a) Spectrum of Na22 y-radiation in the range from 250 to 2000 kev; b) spec- 
trum of Nd140 + prl40 »-radiation in the same energy region. Both spectra were 
recorded under identical conditions. 


and the Bt-particles we obtained a value of 2.04 + 0.10 for the ratio Ig+/Tann- 
The mean value obtained for Ix/Ig+ was 2.1 + 0.2. 

The high-energy part of the y-spectrum of Nd140 4 py140 was measured by means 
of a 4 x 4 cm NaI(T1) crystal. Inasmuch as the Prl40—5¢6140 transition energy 
exceeds 3 Mev, one could expect to observe in the Spectrum of the equilibrium 
Nd140 source many y-lines of Lal40, Actually, however, we observed only a line 
with an energy of ~1600 kev, presumably, corresponding to the well-known 1596 kev 
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level in Cel40, Foy determining the absolute intensity of this line we carried 
out parallel calibration measurements under identical conditions with an Na22 
source for which the intensity ratio between the Pt-radiation and the 1280 kev 
y-rays is Inown (Ig+/Iy-1980 = 0.89) .11 

Typical y-spectra obtained for the Ndl40 + pr140 and Na22 sources are repro- 
duced in Fig.4. In processing these results we introduced an appropriate correc- 
tion for the difference between the efficiencies of the crystal in detecting 1596 
and 1280 kev y-raysl2 and also took into account the difference in the absorption 
of these y-rays in the lead absorbers shielding the source. The average result 
for 12 series of measurements carried out with different sources and different 
absorbers (5, 10 and 15 mm thick) for the intensity ratio of the 1596 kev line 
and the annihilation radiation line proved to be 

Ty -1600 


= (4.0-+0.5)-10°, 


Y-510 


For the intensities of the 1600 kev y-radiation and the Bt-radiation we ob- 
tained the following ratio: 


F080 4,0) 54078, 
gt 
It may be noted that the conversion coefficient for the 1596 kev y-rays com- 
puted on the basis of our data and the experimental data of Dzhelepov et al5 does 
not agree with the theoretical value of QOx4y, for this line. This transition, 
as was fairly reliably established, is pure E2; hence for it Qyy,, should be of 


the order of 8-10-74, i.e., approximately half the value following from our ex- 
perimental data: 


ee 1,4-10-5 
Sp) BE) et —1.7-1073* 
ace = (pH) = Fags <17-10 


The intensity of the other (not observed by us) higher energy lines (the 
spectrum was investigated in the energy range to 3 Mev) does not, according to 
our evaluation, exceed 10% the intensity of the 1596 kev line. Observation in 
this energy region was hampered by the fact that the sources utilized had a rela- 
tively low intensity (of the order of 5-10 microcurie) , while the background of 
the scintillation spectrometer even in detecting high-energy pulses was rather 
strong. 

In the energy range below 500 kev it is difficult to carry out measurements 
in view of the intensity of the Compton component of the annihilation radiation. 
It can only be stated that if low energy lines do exist, their intensity must be 
low. Thus the intensity of the 340 kev line, known from the y-spectrum of Lal40, 
does not exceed, according to our evaluation, 2 the intensity of the Bt-radia- 
tion. 

3. Thus, we obtained the following ratios for the intensities of the x-, 
Bt- and y-radiations from the equilibrium nal40 + pri40 source: 


Deeielee thr-gie ime oder 31.02.2.078-10'. 


*The experimental value of the conversion coefficient determined for this 
transition on the basis of analysis of the decay scheme of Lal40 agrees with its 
theoretical value.12 
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On the basis of these ratios one can attempt to draw certain inferences re- 
garding the decay scheme for Nal40 and pr140 and evaluate the energy of the 
Nal40_spy140 transition. 

Thus, for example, using the value deduced for the Ix/Ip+ ratio (2.1) and 
the data of Browne et al2 on the ratio between the intensities of the x-radia- 


aaa Kg, (Nd) 


= 2.88 one can calculate 
Kya, + Ke, (Pr) 


tions from neodymium and praseodymium ( 


the percentages of the various decay modes of Nal4° and Pr140, Thus, denoting 
the number of K captures in Prl40 by x, we have the following distribution for 
the L, K and B+-radiations from these isotopes: 


ii K at 
Nd?40 1—2.12 2 le aS 
Pees 0.134 x x 1—1.134 x 


We made use of the ratio between the number of L and K captures (taking in- 
to account the captures from the Lyy shell) in the praseodymium nucleus (Z = 59), 
that should obtainl3 for allowed high energy transitions. This ratio is 0.134. 
More precise calculations taking into account screening and finite nuclear 
size have been carried out by Brysk & Rosel4 and Zyryanoval5; these calculations 
give the same value for the ratio within 2%. Taking our experimental value for 
the Ix/Ig+ ratio (2.1) and the value of the mean fluorescence yield wx for Nd 
and Pr (0.89), we obtain y= 0.41. Using this value we find the following dis- 
tribution among the decay modes of Nd!40 and pr140; 
L K Bt 
Nd?#40 14% 86% — 
Pr 5% 41% 54% 


The distribution deduced for Prl40 is consistent with the electron capture- 
positron decay branching ratio expected for this isotope. Thus, we assume that 
the positron spectrum end-point energy is 2.380 Mev (this value was obtained by 
averaging the values given by the authors listed in Table 1 and agrees with the 
probably most accurate to date evaluation of Eep for pPr140 carried out recently 
by Dzhelepov et al5 for allowed transitions, a class to which the Prl40-scel40 
transition belongs). Assuming this value for the end-point energy, the K/8+ ra- 
tio should be 0.81, according to the formulas of Zyrayanova.15 From our experi- 
mental data we have K/B+t = 0.76. 

The above intensity distribution is not in conflict with the measured values 
of the relative intensities of the L and K x-radiations of Nd140 + prl40, Thus, 
from Ref.9 it follows that (L/K)yqwo = 0.16. From the measured integral ratio 
I,/Ix = 0.13, it follows that 


I, a) 0.13-0. 
ike = (re) (SE), — ms = “FH — 0.87 = 0.48 +044, 


whence 

7 (L/K)s (1-+ p+ (L/K) py) — p (L/K) pps 

L/K ies Pr Pri4o 

(2/6 )wa oF (iE) prt p Ci ipa ee 

where p is the fraction of decays in Pr140 accounted for by electron capture 

(p ce eat and (L/K)xq»e may be taken equal to 0.13. Then for (L/K)ppo we obtain 

a value of 0.20 + 0.40, which is in agreement within the indicated un 

with the value given above. ete. 
Actually one can calculate the distribution between the decay modes on the 

basis of our values for Ix/Ig+ and I, /lx alone, i.e., without invoking the data 
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Fig.5. Decay scheme for Ndl40 and Pr140, 


of Browne et al on the ratio of the intensities of the different K components of 
the radiation from Ndl40 + pr140, The distribution deduced in this manner is 
close to that given above (somewhat higher values are obtained for the fraction 
of L capture in Ndl40 and for the K/B* ratio for Pri40), 

However, the L/K ratio obtained from the ratio Iy/I,x in this case, as was 
shown above, comprises an appreciable uncertainty; hence we feel it is more ex- 
pedient to depend on the first procedure, particularly since the error in the 
data of Browne et al? can hardly be large. 

It appears from the deduced value of L/K for Nal40 that the energy of the 
- yal40-ypr140 transition must be appreciable. Thus, for example, it follows from 
the formulas of Marshakl6 that the energy is not less than 200 kev. We recall 
that from Levy's empirical formula for atomic masses the energy of the Nd140-»py140 
transition is 330 kev, while the value taken from Cameron's tables® exceeds 1 Mev. 
True, these formulas yield agreement within 250 kev with experimental energies only 
in about 85% of all cases and so that the agreement cannot be taken as full con- 
firmation of the above deduced value for the Ndl40-»pr140 transition energy. 

The measured intensity of the 1596 kev y-rays also helps refine the decay 
scheme for Prl40, Thus if we use the above cited value of 0.76 for (K/B*)pre, we 
obtain a value of (4.3 + 0.5)+10-3 y-rays per disintegration of Pr140 for the in- 
tensity of the 1596 kev y-line, i.e., we find that the transitions to this excited 
level occur in only 0.5% the total number of disintegrations of pr140, 
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Since these transitions are also allowed (it is known that the 1596 kev lev- 
el and the ground state of Cel40 have spins 2+ and 0+, respectively) and since 
their energy must be of the order of 3400 = 1600 + 1800 kev, it is obvious that 
primarily electronic decay is involved. Thus according to the tables of Zyranova 
(Ref.15) for E,¢, = 1800 kev, the K/B+ ratio for allowed transitions is of the 
order of 30. The ratio between the numbers of L and K captures in transitions 
to the 1596 kev excited level should be close to the theoretical value (for a 
high energy conversion transition) of 0.13. All these considerations were taken 
into account in elaborating the decay scheme shown in Fig.5. 
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POSSIBILITY OF UTILIZING THE (n,2n) REACTION IN NUCLEAR SPECTROSCOPY 
- V.V.Komarov, A.B.Kurepin & A.M. Popova 


As is known, the angular distribution of the products from stripping and 
_ pick-up reactions is distinguished by pronounced structure which makes it pos- 
sible to obtain information on the relative spins and parities of the initial 
and final states of the nuclei involved. In treatments based on different for- 
malisms there have been obtained identical results as regards the angular dis- 
tributions of the products of stripping and pick-up reactions.! Thus stripping 
and pick-up reactions have come to occupy an important place in the techniques 
of nuclear spectroscopy. 

At the same time, it has become clear that coulomb scattering of the pro- 
ducts of these reactions leads to significant deviations from the results given 
by theories not taking into account the particle charges, particularly in the 
region of reactions on heavy nuclei. 

Below we consider the (n,2n) reaction as a pick-up reaction. Earlier, we 
showed2,3 that in the energy distribution of the products of reactions involving 
the ejection of several particles including two neutrons there are present narrow 
peaks due to the interaction of these neutrons in the final singlet state. Taking 
into account strong interaction of neutrons with a low relative intensity one can 
speak of a pick-up mechanism, i.e., of simultaneous ejection of two interacting 
neutrons as a result of direct interaction of the incident neutron with the nu- 
cleus. 

Thus using the (n,2n) reaction, instead of the (p,d) or fh,d) reaction, one 
can hope to obtain data on the nuclear energy levels from the shapes of the angu- 
lar distribution curves in the region of medium and heavy nuclei and also in the 
range of low energies where coulomb effects in usual pick-up reactions are signi- 
ficant and make it impossible to utilize ordinary pick-up reactions for making 
level assignments.* 

The differential cross section for the (n,2n) reaction on the assumption of 
simultaneous ejection of both neutrons with a relative energy between Enn and 
Enn+dEnn 88 @ result of direct interaction, calculated in the Born approximation 
or in the framework of the Butler-Gerjuoy theory? is of the form 


ds gaa 1 Bno Mn Pon kon Fnn aye 2, V,A \? 
dE, dQ\dQ, 16 17h? pe king [BQ] ( Z ) . 
42 3 ; 39 
< ([Bb | ap 2) 17 a) — a (na) fe ea) @) 
n 
where M,, Ni M,M, 2M,, M, 


Pno= 74M, * }e MM, * be My + 2M, ’ 


Miis the mass of the initial and M; the mass of the final nucleus; kno, k., and 
Inn are the wave functions of the incident neutron, the center of mass of the two 
outgoing neutrons and of their mutual motion; 


w Kan w Ken M; : K,, 
M oe “M;+™,, Kno; Q= 2 —Kiy; 


Eis the energy in the center of mass system after the collision and /pis the 
binding energy of the neutron in the initial nucleus; dQ, and dQ, are the elements 
of solid angle for the vectors k, and k,; 6? is the dimensionless reduced width; 


oO case a ee sO oe SD OS OD SED SS ce DO 


*This fact was brought to the attention of the authors by V.G. Neudachnii. 
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l is the orbital momentum of the picked-up neutron; ais the interaction range; 


g1(%a) = : fe 2. (rh§? (ixr)) |p—a 


rh) (ixr 
is the logarithmic derivative at the nuclear boundary expressed in terms of Han- 
kel's spherical functions of the first type; 


% = (2Hn| Ep |) /h; 


the function /;(za) is introduced as was done in Ref.5. 
The interaction in the final state of the two outgoing neutrons is taken 
into account in the matrix element integral 


\ Vinn e'% Qon (p) dp ' 


Here p is the vector between the neutrons in the final state; /V,,,, is the 
interaction potential of the neutrons in the final state; this is taken in the 
form of a potential well of depth V, and radius Q) = 2.65 f- The radial part of 
the two neutron wave function %. was chosen in the same way as in Ref.6. 

The calculated integral enters into Eq.(1) in the form 

Po 


rw Si Open. 
Ba=\ Oe sinkpdp. 


The energy distribution described by Eq.(1) has a narrow peak in the £,,,= 
= 0 to 160 kev region, due to interaction of the two neutrons in the final sing- 
let state. The value of k is only weakly dependent on the mutual energy of the 
two neutrons and equals 11.04°1012 cm-l, Below we give the values of A? (in 
units of 10-22 cm2) for different values of the relative neutron energy 


Enns Mev = 0.02; 0.04; 0.06; 0.08; 0.10; 0,12; 0.14; 0.16. 
A? = 298; 237; 159; 139: 114; 97: 84: 60. 


We obtain the angular distribution of the center of mass of the two neutrons 
emitted at an angle @ in the center of mass system of the nucleus by integrating 
the energy distribution over the narrow range L,, = 0 to 160 kev for each @¢. 

By comparing the absolute values of the cross section for the transitions to 
different levels of the final nucleus, one can determine the relative values of 
the reduced width. 

To illustrate the application of the described method of calculation we 
plotted the angular distributions for the center of mass of the two outgoing neu- 
trons from the (n,2n) reaction on Be? at an incident neutron energy of 14 Mev for 
the 2.9 Mev state of the final nucleus, Be®. 

Fig.1,a shows the angular distributions for /=1. This case corresponds 
to experiment inasmuch as the neutron is probably picked up from the p shell of 
Be?. It will be evident from the figure that the angular distribution is strong- 
ly dependent on the interaction range a. Inasmuch as the final state of the two 
neutrons is not bound, the angular distribution maximum differs somewhat from 
Butler's curve (dashed curve in Fig.l,a) for emission of the bineutron in the 
bound state. The angular distributions for / = 0 and 2 are shown in Fig.1,b; 
it will be evident that they differ appreciably from the distributions of Fig.1l,a. 
Comparison of curves a and b shows that the momentum of the picked-up neutron 
can be determined from the experimental angular distributions by comparing these 
with the calculated distributions, in the same way as when the usual Butler 
curves are employed. 


7 
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Fig.l. Angular distributions of the center of mass of the two interacting neu- 
trons from the Be9(n,2n)Be® reaction leading to the 2.9 Mev level of Be8 calcu- 
lated for an incident neutron energy of 14 Mev: a) / = 1; the dashed curve is 
calculated according to Butler's theoryl; b) / = 0 and 2. 


Taking into account the interaction of the two 
neutrons in the final state weakly distorts the shape 
of the ordinary Butler curve (Fig.1,a) particularly 
in the range of large angles. Hence the angular de- 
pendence for the Pb208(n,2n)Pb207 reaction leading 
to the 1.63 Mev state of Pb207 was calculated using 
the part of our formula analogous to Butler's. The 
interaction range was taken equal to 1.4-10-13 al/3 
cm. The angular momentum / = 6 in this case is de- 

20 40 60 0 100 termined uniquely inasmuch as the levels of Pp208 

3° and Pb207 have been thoroughly studied and their 

Fig.2. Angular distribu- spins are known to be 0+ and 13/2+, respectively. 
tion (in arbitrary units) The neighboring levels (0.89 and 2.34 Mev) are fairly 
of the center of mass of distant from the investigated level of Pb207 and the 


ao 


IO (26.026. 


10 


the two interacting neu- angular distributions for them are determined by 
trons from the Pb208(n,2n)- orbital momenta of different parity. 

Pb207 reaction leading to The calculated distribution curve is shown in 
the 1.63 Mev level of Fig.2. It will be seen that the peak lies at a 
pp207 at an incident neu- fairly large angle, which is convenient for experi- 
tron energy of 14 Mev. mental measurement. The value of the cross section 


at the peak is one order of magnitude smaller than 
the cross section at the peak of the angular distribution for l=xl. 

No special investigations were carried out with a view to bringing out the 
noted distinctive features of the angular distributions from the (n,2n) reaction. 
It is almost impossible in experiments to obtain the distributions of the joint 
momentum vector of the two neutrons except for some individual cases as, for ex- 
ample, the Be? (n, 2n) Be® reaction. One can, however, investigate the energy dis- 
tributions of the outgoing neutrons. The peak in such distributions, due to in- 
teraction of the two neutrons at low relative energies, for an infinitely heavy 


nucleus must lie at an energy E, equal to half the maximum energy of the neutron 


from the (n,2n) reaction, while for a finite nucleus it should lie at an energy 


M. 
equal to ym, the maximum value. 
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It must be emphasized that there is the possibility of erroneous determina- 
tion of the energy states of nuclei from the peaks in the energy distributions 
of inelastically scattered neutrons, inasmuch as these peaks can be due to the 
(n,2n) process with simultaneous emission of two neutrons in one direction, 
rather than to the (n,n') process. 

In the spectra of inelastically scattered neutrons, there are present neu- 
trons formed as a result of the investigated process in the (n,2n) reaction, 
statistical processes in the (n,2n) reaction, the cascade process in the (n,2n) 
reaction, the (n,n') process and, finally, accompanying some reactions, for ex- 
ample, the (n,pn) reaction. It is possible that most of the neutrons in the spec- 
tra are due to the enumerated competing mechanisms. Nevertheless, the effect of 
simultaneous direct emission of two neutrons in one direction can be recorded in- 
asmuch as in this case the neutrons will be concentrated in a narrow (of the or- 
der of a few hundred kilovolts) energy region, corresponding to a certain condi- 
tion of the final nucleus. 

The experimental problem consists in recording the angular dependence for 
the given narrow range. of the neutron energy spectrum, corresponding to the in- 
vestigated state of the nucleus A - 1 for the reaction A(n,2n)A - 1. In this 
case one can expect to obtain typical angular dependences similar to those shown 
in Figs.1 & 2, dependences that can be used for determining the spins of the 
excited levels (or of a group of close levels if the experimental technique en- 
ployed does not have the requisite resolution). 

The experimental difficulties are worth overcoming since solution of the 
problem could make it possible to elucidate the mechanism of the (n,2n) reaction 
and to determine the assignments for medium and heavy nuclei, where ordinary 
pick-up reactions are inapplicable, and also to obtain more accurate assignments 
for light nuclei. Of particular interest is determination of the spins of radio- 
active nuclei not susceptible of investigation by other methods, and investiga- 
tion of the second excited levels of even-even nuclei with a view to obtaining 
an answer to the question of their splitting into a number of states with dif- 
ferent momenta. 


Scientific-Research Institute for Nuclear Physics, 
Moscow State University 


References 


1. A.G.Sitenko, Uspekhi fiz.nauk, 67, 377 (1959). (Trans.Soviet Physics - 
Uspekhi.) 


2. V.V.Komarov & A.M.Popova, Zhur.eksp.i teor.fiz., 38, No.l (1960). 
(Trans.Soviet Physics - JETP.) 


3. V.V.Komarov & A.M.Popova, Ibid., 38, 1559 (1960). (Trans. Ibid.) 
4, E.Gerjuoy, Phys.Rev., 91, 645 (1953). 


5. A.B.Kurepin & V.G,Neudachin, Zhur.eksp.i teor.fiz., 36, 1725 (1959). 
(Trans.Soviet Physics - JETP.) 


6. V.V.Komarov & A,M.Popova, Ibid., 36, 1574 (1959). (Trans.Ibid.) 


- 1151 - 


ENERGY STATES OF Be® IN THE DISINTEGRATION OF C12 INTO THREE Q-PARTICLES 
UNDER BOMBARDMENT WITH PROTONS AND NEUTRONS 
- §.S.Vasil'ev, V.V.Komarov & A.M. Popova 


We investigated the C12-+3q disintegration reaction under the influence of 
8.5 to 19 Mev neutrons! and 15 to 30 Mev protons2 for the purpose of elucidating 
the mechanism of this reaction. 

Inasmuch as in this disintegration there is the possibility of formation of 
a compound Be® nucleus in the chain 


C12-4Be® + q—30, 


as well as resonance interaction of two Q-particles in the final state3, it is 

of interest to search for evidence of these effects and to attempt to determine 
whether there exists the broad level centered at 11.7 Mev in Be8 as well as other 
AS located between 3 and 11 Mev, the existence of which is still under ques- 
tion”. 

The C12(n,n'3q) disintegration was observed in the form of three-pronged stars, 
and the C12(p,p'3q) decay in the form of five-pronged stars in photographic emul- 
sions irradiated with neutrons and protons of different energies obtained from the 
72 cm cyclotron and the 120 cm phasotron of the Scientific Research Institute of 
Nuclear Physics at Moscow State University. 

Analysis of the stars yielded information on the energies and spatial distri- 
butions of the particles involved in the disintegrations and also on the excitation 
energies of the intermediate nuclei including Be”. The analysis of emulsion stars 
is familiar and will not be described here. The technique of nucleon bombardment 
on the phasotron is described in Ref.5. 

The energy distribution in the C13 center of mass system of O-particles from 
the C12(n,n'3Q) reaction for one grouping of incident neutron energy is shown in 
Fig.1,a; the energy distributions in the N13 center of mass system of Q-particles 
from the C12(p,p'3a) disintegration for four groupings of incident proton energy 
. are shown in Fig.1,b. 

We note that with increase of the incident nucleon energy from 14 to 30 Mev, 
the peak in the energy distributions does not shift to any extent but remains at 
~3 Mev. If the reaction occurred with simultaneous emission of four particles 
without interaction of the products in the final state, the shift of the peaks 
should be ~3 Mev and the experimental histograms would agree with the curves cal- 
culated on the assumption of four-particle disintegration (dash-dot curves). The 
agreement of these curves with the histograms is appreciably poorer than the agree- 
ment of the curves (dashed curves) calculated on the assumption of strong interac- 
tion of the Q-particles formed in disintegration to the level in Be®8 with an ener- 
gy of 2.9 Mev and a width of 3 Mev. This and the fact that the distribution peak 
is not shifted with increasing energy indicate interaction of the a-particles in 
the final state and are evidence for a high probability of formation of Be® in an 
excited 2.9 Mev state. The dashed curve was calculated on the basis of the Chew- 
Brueckner-Hart theorem® by means of the formula 


ds 
dE, pi eo) 8 (Fa); 


where p(E,) is the density of states, and Wo (E.) is a function of the relative 
motion of the scattering Q-particles. 

Figs.2,a & b show the Be excitation energies calculated for each pair of Q- 
particles in the observed stars. As usual, for each star there were calculated 
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Fig.1. Energy distributions of Q-particles (in the c13 center of mass 
system) from the Cl2(n,n'3q) reaction for an incident proton energy 
14-19 Mev (a) and of Q-particles (in the N13 center of mass system) 
from the C12(p,p'3y) reaction for 

incident proton energies of 15-20 

(I), 21-23 (II), 24-26 (III) and 

27-30 Mev (IV). The dashed curve - 

was calculated on the assumption " 

of resonance interaction of the Q- d h 

particles at By = 3 Mev, and f = y 

= 3 Mev for simultaneous disinte- 
gration into four particles; the 
dash-dot curve was calculated for 
four-particle disintegration but 
without the assumption of reson- 
ance interaction. 


12 6 TG 
Lu, Mev 


three excitation energies inasmuch as it is not known which two of the three a- 
particles formed in the break-up of Be8. In Fig.2,a we have collected all the 
values calculated for the c12(n ,n'3q) events at incident neutron energies from 
14 to 19 Mev; in Fig.2,b we give all the values calculated from the C12(p,p'3q) 
disintegrations at proton energies from 15 to 30 Mev. Against the background of 
the statistical distribution of spurious excitation energy values there rise two 
peaks corresponding to the energies of the well-known levels in Be®: the ground 
state and the first excited state at ~3 Mev. In addition, there appear groupings 
at 4-5, 8-9 and 11-12 Mev above the statistical curve (dashed line) plotted on 
the assumption of simultaneous disintegration due to inelastic scattering of the 
nucleons from C12, 

If we accept that the disintegration proceeds via the O and 2.9 Mev levels 
of Be® and that these levels, which have been observed by many investigators, 
actually exist, one can reduce the statistical background of spurious values in 
the upper histogram of Fig.2,b by eliminating the second and third values for 
each star in which the first value is equal to 0.0 + 0.5 or 3.0 + 1.0 Mev. The 
results of such elimination are shown in the lower histogram of Fig.2,b. It will 
be seen that this elimination of the spurious values does not bring out any lev- 
els above 4 Mev. It should be recalled, however, that such detection of weakly 
evinced higher levels is hampered by the large number of spurious values associ- 
ated with the diversity of disintegration modes. 

The general appearance of the experimental histogram reproduced in Fig.2,a 
is in agreement with the data of Frye, Rosen & Stewart’ and other investigators. 

If one compares the large number of experimental data on the energy states 
of Be®, it becomes clear that so far there has been reliably established the 
existence of only one excited level, namely that at 2.9 Mev, for excitation ener- 
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r] gies from 0 to 15 Mev. 
The manifestation of 
levels in Be® in many- 
| particle disintegra- 
AIT Y tions, for example, 

l the C12(p,p'3q) and 
| iN c12(y,3a) reactions? 

, indicates that this 
nucleus may have lev- 
| els at 9 and 11-12 
| ° Mev; the latter values 
| ; are usually attributed 
tS Ty 7 we bi «tO a broad level cen- 
Eoxcit»Mev tered at 11.7 Mev. 

Our data indicate 

that if the evidence 
for such 8-9 and 1l- 
12 Mev states is valid, 
; it corresponds not to 
es Jommimo g single broad state 
410 2 4 6 8 Tie Pe te Oa ee ee) Re woe butetrotsaiunpertotsdls- 
crete levels. Despite 
the adequately high 
Fig.2. Excitation energies of Be® formed in the C12(n,n'3q) energy of the incident 
disintegration at E, = 14-19 Mev (a) and in the C12(p,p'3q) neutrons, the 11.7 Mev 
disintegration at E, = 15-30 Mev (b). The dashed‘ curves level was evinced very 
were calculated on the assumption of simultaneous disinte- weakly as compared with 
gration. the first excited lev- 
el. In stars formed 
by 26 to 30 Mev protons the probability for disintegration via this level amounts 
to 1/10 the number of disintegrations to the first excited level. This can be 
explained if we recall that the threshold energy for the Cc12—»3q@ process is near- 
ly 8 Mev. 

In conclusion, we note that our data (Fig.1) indicate that the disintegra- 
tion of C12 into three Q-particles may occur in the form of simultaneous disinte- 
gration with strong resonance interaction of the particles in the final state. 

In this case the lifetime of the Be® nucleus in the intermediate state should be 
close to the nuclear lifetime. 


0 A 
i 


excit» Mev 
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INVESTIGATION OF THE ENERGY DISTRIBUTIONS OF THE PRODUCTS OF NUCLEAR REACTIONS 
INVOLVING EMISSION OF SEVERAL PARTICLES 
- V.V.Komarov & A.M. Popova 


The energy spectra of the products of reactions involving the emission of 
several particles at medium incident particle energies as a rule have a complex 
shape that cannot be explained on the assumption of either direct disintegration 
of the target nucleus or formation of compound nuclei in the process of disinte- 
gration. Many spectra are characterized by peaks, the height and shape of which 
depends on the direction of emission of the observed product. 

One can, however, explain the shape of these spectra if one takes into ac- 
count interaction of the reaction products in the final state. The interaction 
of reaction products at high energies was first considered by Migdall in 1950, 
and subsequently by a number of other authors2,3, Below we propose a method for 
investigating the energy distributions of the products of reactions at medium 
energies, involving the emission of several particles. The interaction between 
the particles with small relative momentum is taken into account preciesly; the 
parameters of this reaction are taken from the results of experiments on scatter- 
ing of the investigated particles; the interaction between the pair of particles 
with small relative momentum and the remaining particles is considered in the 
Born approximation. Strictly speaking, use of the Born approximation for such 
energies is not fully justified. However, this approximation has been success-— 
fully used in this energy region for explaining the angular and energy distribu- 
tions in stripping reactions#, which in some respects are similar to the process 
in question. Hence it may be assumed that in the given case use of the Born ap- 
proximation in treating the interaction between the particle pair with small rela- 
tive momentum with a third particle will give angular and energy distributions 
close to the true ones. Of greatest interest is investigation of the energy dis- 
tribution of the products of reactions with emission of three particles when there 
may occur interaction in the final state between each pair of particles. Then for 
simultaneously taking into account the interaction of all the pairs of particles 
with small relative momentum, the wave function (i) must satisfy the Shrédinger 
equation for the given problem 


-- OF (f 7 
ih a = (TF +V 42 + Vast Vax) ¥ (2), 


Vig = Vag + ayvi;, 
where v;; is the interaction between the particles in the final state, and the co- 
efficients a;; are smooth functions of the momenta such that 
%j;=1 for lm—pj|<B 
4%;=O0 for ipi— py | SB 


(B is the magnitude of the relative momentum of the two particles, corresponding 
to the interaction energy of these particles). It is most convenient to choose 


3 
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the coefficients ai; in the form 


eros rir Rue, 


Obviously, the interaction between the particles can be neglected if their 
relative momentum appreciably exceeds B. Then the entire range of possible par- 
ticle energies can be subdivided into four regions: 

a) where the interaction of particles 1 and 3 in the final state is signi- 
ficant (ais =1, Giz = O23 =O); 

b) where interaction of particles 1 and 2 in the final state is significant 
(ai2 = 1, Gis =O23 = 0); 

c) where interaction of particles 2 and 3 in the final state is significant 
(Ga5°= 1, O12 —an = 0); 

d) where pair interaction can be neglected (the relative momentum of any pair 
of particles differs appreciably from B) (a12 = 423 = 431 = 0): 

In the Born approximation the transition matrix element taking into account 
the interaction of each pair of particles in the final state will have the form 


H ~ (Vis A ii 42) Vig t+ (1 — os) Vos + (Lie O31) Vail Prio3)> 


where “ics and M3; are the wave functions of the final and initial states; V3 
is determined for each energy region of the investigated particle (a, b, ¢ or d 
above) depending on the magnitude of the relative momentum of the particles. 

By this procedure we investigated the energy distributions of He? from the 
d + t ~He? + n +n reaction at angles of 25 and 75° in the center of mass sys- 
tem for a deuteron energy of ~12 Mev. In the calculations we took into account 
the potential scattering of two neutrons on the singlet state.° The neutron-neu- 
tron interaction constant was taken equal to 70 kev. In Fig.1 we show the experi- 
mental energy distribution for He? obtained by Brolley et al® and the curves cal- 
culated taking into account the neutron interaction in the final state and ignor- 
ing this interaction. It will be evident that taking into account the scattering 
of the neutrons formed in the reaction explains the position and shape of the 
peaks in the He? spectra. Owing to the large uncertainty in the experimental data 
it was impossible in this case to find the neutron-neutron interaction from conm- 
parison of the experimental and theoretical curves. 

Using the proposed method, we also calculated the energy distributions for 
the protons from the p+d—~*p+ptn reaction at angles of 0 and 180° in the 
center of mass system with respect to the direction of the incident protons for 
a total reaction energy of 4 Mev; the corresponding experimental distribution 
was obtained by Vlasov et al? (Figs.2 & 3). 

The neutron spectrum for 0° was calculated by Heckrotte & McGregor® taking 
into account the interaction of two protons in the final state (Fig.2). As will 
be evident from the figure, this explains only the position of the peak at the 
high energy edge of the spectrun. 

In the calculation we took into account the potential scattering of each 
pair of nucleons produced in the reaction?; the calculated curves are shown in 
Figs.2 & 3. 

The calculated spectrum of neutrons emitted at 0° has two peaks, as does 
the experimental distribution. The position and shape of the peaks at a neutron 
energy of ~0.7 Mev, as our calculations showed, is due to interaction of the neu- 
tron with a proton in the final state. The peak in the neutron spectrum near the 
high energy boundary 4g due to interaction of two protons with small relative mo- 
mentum. The crass section for the p +d reaction in the region of the maximum at 
En ~ 0.7 Mev is greater than the cross section in the region of the maximum near 
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Fig.1. Energy distributions of He? from the 
d +t — He3 + n + n reaction in the center 
of mass system. Points - experimental data 
of Brolley et al”; solid line - curve calcu- 
lated taking into account interaction of the 
neutrons in the final state; dashed line - 
curve calculated without taking this inter- 
action into account. 


0 7) the high energy edge of the neutron spectrum, which 
Ext, Mev can be explained by the higher probability for the 

process of pick-up by the incident neutron of a 
proton from the deuteron and their emission forward. 

The shape of the spectrum for neutrons emitted at an angle of 180° relative to 

the direction of the incident protons, as our calculations showed, is determined 

primarily by interaction of protons with small relative momentum, which corre- 

sponds to the most probable process of pick up of a proton by the incident pro- 

ton with emission of the two protons forward and of a neutron backward. The ra- 


tio of the areas under the experimental points se (180°) o2 (09) = 1.8 + 0.3, while 
the ratio of the areas under the respective theoretical curves 7 (180°) / $ (0°) = 


= 1.75. This demonstrates that our method of calculation can be used for describ- 
ing the angular distribution of the products of reactions involving the emission 
of several particles. 
In view of isotopic invariance it may safely be assumed that the spectrum of 
protons emitted at 0° relative to the direction of the incident neutrons in the 
6, mb sr-+ Mev-1t 
1 


6, mb srt Mev— 


Q og 
1 2 &,. Mev 
Fig.2 ale Fig.3 £n, Mev 


Fig.2. Spectrum of neutrons produced at 0° in the center of mass system by the 
p+d-— p+p+n reaction for a total reaction energy ~4 Mev. Points - experi- 
mental data of Vlasov et al’; solid line - curve calculated by our method; dashed 
line - curve calculated by Heckrotte & McGregor8, 

Fig.3. Spectrum of neutrons produced at 180° in the center of mass sys- 

tem by the p+ d — p+p+#n reaction (Q = 4 Mev). Points - experiment- 

al data of Vlasov et al7; curve calculated by our method. 
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center of mass system from then+d—-n+n+p reaction at neutron energies of 
~10 Mev will also have two peaks, like the corresponding spectrum of neutrons from 
the p+d-—2>p+p+n reaction. The first peak at a proton energy of ~0.7 Mev 
should correspond to interaction of a neutron with the proton with small relative 
momentum; the second peak near the nigh energy edge of the spectrum should cor- 

respond to the interaction of two neutrons with small relative momentum. Of great 
interest, however, is experimental investigation of the spectrum of protons emnit- 
ted at 0° from then +d —->n+#n' + p reaction, inasmuch as theoretical treat- 
ment of this case by our method makes it possible to obtain the neutron-neutron 
scattering length. 

By means of the method described here and in Refs.5, 9 & 10, one can analyze 
the products from such reactions as d + d, d + t, d+ Q, t + t and others for the 
purpose of elucidating the role of interaction of the reaction products and the 
Pores ey of existence of excited states in some light nuclei, for example, He4, 
He® and Li , which are evinced as resonance interaction in the final state of the 
products of reactions involving emission of several particles. 


Scientific Research Institute of Nuclear Physics 
Moscow State University 
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DOUBLE-FOCUSING MAGNETIC SPECTROMETER 
- N.G. Afanas'ev 


Introduction 


For the solution of many problems in nuclear physics it is essential to have 
available a spectrometer which in addition to high resolution has high luminosity. 
A significant increase in luminosity can be attained in instruments with double 
focusing. 

Double focusing can be realized in spectrometers with a uniform field by 
utilizing the fringing field at the magnet boundaries for focusing. 1 A signifi- 
cant advantage of such instruments is the possibility of utilizing the method of 
nuclear resonance for measurement and stabilization of the magnetic field. 

Three spectrometers of this type have been described in the literature, 2-4 
The first two of these2;3 have rectilinear boundaries of the magnet and hence can- 
not provide good focusing in a large solid angle. In contrast, the spectrometer 
described by Crewe* has curvilinear boundaries which are designed to insure ideal 
horizontal focusing. However, Crewe utilized a very special method of designing 
the boundaries, which does not allow much freedom for satisfying the requirement 
of vertical focusing. 

In the present contribution we propose a different method of attaining ideal 
horizontal focusing, a method which provides for the possibility of improving the 
vertical focusing. 

Moreover, hitherto all design calculations for spectrometers were carried 
out without taking into account the extent of the fringing fields. In our design 
we employ magnetic shields at the entrance and exit of the particle beam for re- 
ducing the effective action region of the fringing field and mainly for precise 
determination of the field. Below we give formulas for calculating the vertical 
and horizontal focusing taking into account the fringing field. 


1. Method of obtaining ideal horizontal focusing 


We shall start by considering an ideal magnet, i.e., we shall assume that 
outside the physical boundaries of the magnet the field is zero, while inside 
the magnet it is rigorously constant: H — H,. 

First, we consider a magnet with rectilinear boundaries. In a magnet of 
this type (Fig.1) double focusing of the particles is realized by appropriate 
choice of the angles of entrance €; and exit &,of the principal (central trajec- 
tory) particle (a= 0), i.e., particles emitted from the source S within the angu- 
lar ranges —2, <a< + ao in the median plane of the magnet (we call this the 
horizontal plane) and —Bo <B<+ Bo in the vertical plane are collected - focus- 
ed - at a single point D (neglecting aberration). Obviously, the requirements 
as regards horizontal focusing must be more exacting than as regards vertical, 
inasmuch as the former determines the resolution of the instrument. 

A magnet with rectilinear boundaries can have only first order focusing in 
the horizontal and vertical planes. To improve the resolution it is expedient to 
improve the horizontal focusing by going over to curvilinear boundaries, 

We note that for an arbitrary entrance boundary one can Shape the exit bound- 
ary so that the magnet will have ideal horizontal focusing (Fig.1). The equation 
for the exit boundary can readily be derived from the condition that the tangents 
to the trajectories of the particles (with arbitrary a) at the point of exit from 
the magnet K’ must pass through one and the same point D: 
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l, = {((C — B)? + 6? — R? + v*? — 2v[— (C — B) sin (€ — a) + & cos (§ — a«)]}" (1) 
and , 
8’ = arc tg —— + arc sin a na Caras) arcto & 
od (1,2 + R2y'/2 oa nae fo 


Here C and © are constants; B and ¢é 
are functions only of a, determined by 
the initial magnet with rectilinear bound- 
aries, and v (a) is the deviation of the 
exit boundary from the rectilinear bound- 
ary. The point D must, obviously, be the 
first order focus of the initial magnet 
with rectilinear boundaries. 

An exit boundary shaped according to 
this equation will insure ideal focusing 
of the particles in the range of the en- 
tire "capture" angle (-~% <a<+a,) of 
the magnet with an arbitrary entrance 
boundary. 


Fig.l. Determination of the exit 2. Improvement of vertical focusing 
boundary of the magnet insuring ideal 
horizontal focusing. This arbitrariness as regards the 


entrance boundary can be utilized for im- 
proving the vertical focusing in the entire capture angle of the magnet. The 
simplest way of realizing this is to require that the magnet have first order 
vertical focusing not only for « = 0, (which is assured by rectilinear boundaries) 
but for angles a == %. 

We will attain this aim if our magnet, producing a horizontal image of the 
source at point D, will produce a vertical image at the same point. In other 
_ words, the magnet parameters /, e,, ls, & and ©’ must satisfy the familiar condi- 
- tions for double focusing®>. 

The specified quantities /, and ©’=@-+a + f’ can be expanded in a series 
in powers of the small parameter v, and in many cases the expansion can be limit- 
ed to the first terms. Thus the value of v for the angle « =+«, must satisfy 
the equation 


1 1 ' 
te = s|te(® + 8-9) — page (3) 


where ;’ and 7 are auxiliary functions: 
R 


tgp’ = tge, + ai (4) 

. cos (€1 + a) x 

, ; R 

tgy Ee nae aah (5) 

cis (FG) 
in Eq. (3) — B vos (bt) —(C— B) sin — ) . (6) 

20 
a g, — ER — bo (C — By e086 = 9) — CH BIR + Biol SG) (7) 
: pga ’ 


lag (R? + 150) 
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and, in addition, we have introduced the notation /;(,29)=J,, and D(,~») = Dp. 

The entrance angle « is still an arbitrary function of v, and thus we still 
have a certain freedom of choice as regards the entrance boundary. Eq. (3) can 
be satisfied by a circular entrance boundary. In this case 


v COS (£1 + dy) 4 (8) 
ae eae —vsin (€1 + dp) 
hence Eq. (3) can be solved, and the value of v (4) satisfying this equation deter- 
mines the radius a of the entrance boundary for the angular range 0 <a<+%. 

The radius a of the entrance boundary for the angular range —ao<a<0 is deter- 
mined in an analogous fashion. Thus the entrance boundary of a magnet having 

ideal horizontal and improved vertical focusing consists of two circular arcs, 
joining at the point of entrance of the principal particle (a= 0). If instead 

of circular arcs we use higher order curves for the entrance boundary, we could 

in principle obtain double focusing at a larger number of points and in fact theo- 
retically for all angles —a, <a<-+a). 

The exit boundary of the magnet is a complex curve defined by Eqs.(1) and 
(2). 

If we give up the requirement of ideal horizontal focusing, the exit bound- 
ary can be realized in the form of a circular arc, or more accurately speaking, 
one circle for «> 0 and another for « <0), In many cases this modification does 
not substantially reduce the resolution inasmuch as the resultant aberrations do 
not exceed the dimensions of the image of targets of the size commonly employed. 

Spectrometers with large 
capture angles constructed on 
this principle usually have 
smaller horizontal aberrations 
than spectrometers with second 
or even higher order focusing. 
This is explained by the fact 
that the maximum aberration 
in them is attained for 
Fig.2. Aberrations (a - horizontal, b - vertical) a ~ao0/2, while for «= 0 and 
of magnets with different types of focusing: I - +a,the aberration is zero; 
magnet with ideal horizontal and improved verti- this is shown in Fig.2,a, 
cal focusing, II - magnet with circular exit where for comparison we also 
boundary, III - magnet with second order focusing. show the aberration of a spec- 

trometer with second order 
focusing (curve III) in which the aberration attains a maximum at a =+ 4a). 

The corresponding curves for vertical aberrations in the same spectrometer 
are shown in Fig.2,b. 


3. Determination of the field distribution in a magnet with a shield 


For reducing the effective action region of the fringing field and mainly 
for precise definition of the field at the entrance of the particle beam into the 
spectrometer and at the exit from the spectrometer one can make use of magnetic 
shields. In the presence of a shield, the fringing field penetrates into the 
depth of the shield to a distance of the order of the gap between the magnet and 
the shield, and hence in measuring the field distribution one can assume the mag- 
net pole to be infinite and rectilinear. Moreover, in cases important in prac- 
tice, when the distance between the magnet and the shield is small (of the order 
of the magnet gap) the thickness of the shield is not particularly important. 


e, = & + & — 2Zarctg 


~ 
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We shall consider two limiting cases, namely, the case of an infinitely thick 


‘shield and the case of an infinitely thin shield. Obviously, the distribution for 


a shield of finite thickness will lie between the two limiting cases. 

In both cases the solution can be obtained by the method of conformal trans- 
formation. For determining the particle trajectory in the field of a real magnet 
it is useful to consider an ideal magnet, equivalent to the real magnet as regards 
the angle of deflection of the particles in the horizontal plane (Fig.3). The 
boundary of this ideal magnet (it is located at a distance §& from the physical 
boundary) is called the effective boundary. According to Reutersward®, the value 
of £ is given by 

0 -+oo 
b= | ay(xyax— | U—hy(Xyex (9) 
H, (X) Eas ‘ 
where /, = qe H» is the intensity of the magnetic field in the uniform region 


of the magnet, and H,(X) is the vertical component of the field. 


For a magnet with an infinitely thick shield 


Pie ee HB ete Me 4 l D2 
cons; <> are sin -—aay, + ein | + ar | (10) 


4l2 
[4+ 5s 


where D is the distance between the magnet and the shield, and /] is equal to half 
the magnet gap. 


Physical boundary 2 


Effective bounda Values of 6&/1 


of magnet eg Infinitely| Infinitely 
D/l thick thin 
shield shield 
x 0,42 0,49 
| 3/2 0,59 0,68 
| (eer 0,83 
i Ne/ 
<f POSS igen loner For a magnet with an infinitely thin 
Zero fiera drip ing. pie shield a somewhat cumbersome expression is 
ee gion H= gion H = obtained for &. The results of numerical 
~H(X) a calculations of for shields of both types 
Fig.3. Particle trajectories in are given in the accompanying table. It will 
an ideal (Z,(X)) and a real (Z (X)) be evident from the table that for the small 
magnet. values of D/] encountered in practice, the 


value of £ changes little with increase in 
the thickness of the shield. 
The calculated field distribution will be realized with good accuracy if the 
length a, of the shield and its width bsp satisfy the condition (sh, bay S> I. 
The thickness of the shield should be chosen on the basis of the condition that 
the average induction at the boundary (of length L) , along which the halves of 
the shield facing the two poles of the magnet join, 
Bay= (11) 
sh 
not exceeds H,. Here > is the flux to the shield, which is calculated by summing 
the elementary values. In this case the shield will attain saturation simultane- 


ously with the magnet pole piece. 
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4. Influence of fringing fields on horizontal and vertical focusing 


Let us first consider the trajectory of particles emitted from the source 


in the horizontal plane. 


In our case of a magnet with shields, the magnet field in the region close 
to the boundary (Fig.4) may be described to a good approximation by 


hy (2) = 5-(@ + ¢). 


(12) 


The value of c is readily determined if the above mentioned conformal trans- 


formation has already been performed. 
the equation of motion is readily integrated. 


For this distribution of the fringing field 
If we consider the case when the 


trajectories inside the real and ideal magnets coincide, outside the magnet the 
real trajectory proves to be parallel to the ideal and located at a distance 


4 2 


from it (in 


In the case 


§ 


R cos? &, 


(13) 


the direction of the Z axis). 


From the values of A(a = 0) and 
A(a =— a ) one can easily determine the new 
positions of the source and detector and also 
the horizontal aberrations commected with re- 
placement of the ideal field by the real field. 


of magnets with shields, the A 


proved to be very small and the aberrations 
even smaller. 

Now let us consider the motion of a 
particle emitted from the source at an angle 
B to the median plane of the magnet with an 


arbitrary horizontal emergence angle 


Fig.4. Trajectory of a particle 
moving in the horizontal plane. 


“ 


7 A (tu) 


L,+R@D ly) *RD tly 


Fig.5. Trajectory of particles moving in the 
vertical plane without taking into account the 
influence of fringing fields (1) and taking 
this influence into account (2). 


aand § is described accurately to within first 


dy y Oh, 
CT Chcealltd ANE ad Pe 


where ea 
ae 


jectory of the particle with emergence angles « and B= 0. 


of powers of (A —,) gives 


ly — Oa 
motion it is convenient to introduce (Fig. 4) 


For analyzing the vertical 


the curvilinear coordinates } 
and ¢.1 Coordinate is scaled 
along the trajectory of a particle 
with an arbitrary emergence angle 
a and angle 8 = 0, while the ¢ 
axis is directed perpendicular to 
h in the horizontal plane. Thus, 
the } and € axes are always lo- 
cated in the horizontal plane. 
The Y axis remains unchanged. 
According to Cottel, the 
vertical trajectory of a particle 
with arbitrary emergence angles 
order terms by the equation 


(14) 


is the gradient of the magnetic field at the given point of the tra- 
0 


Expansion in terms 
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(ae) ey sine, E COs ¢, i 
0c 5 2c ten tee. (4 —dp) |. (15) 


1 
Integrating (14) we obtain 


tge, 
i —Y = — ye ——- + yy, (16) 
Roose, COS €, 
J tg &. c(i +sin2« toc. 
4%, =1|— Dy (—¢ ee a7 
4 : , R ti 3R? cos’ e, 4o pertnd of } 
where y,, y, and Yr y, are the values of y and ya oY at the points of entrance and 


exit of the particles into and from the region of action of the fringing field. 
The values of y, and Ys» which characterize the trajectory at the point of 


its approach to the region of action of the fringing field at the entrance bound- 
ary (Fig.5), are given by 


/ 


Of Sp oe eens ee ee (18) 
: ( fi cose, Rcos 2, Ay, 
and 

Y= Ys (19) 


inasmuch as the radius of curvature of the particle trajectory is equal to R with 
accuracy to second order terms. 


The corresponding equations for the exit boundary are 


a tg e, pe PAG fe) 
ee aa 2 et ee a 
1 
and ’ faite , 
, ’ tg e, c(i + sin®e, ) 7 ene ( tg ey 
is = Y2 | R - 3R2 cos? e, | eyes ae 2 . (21) 


If in these equations we set c= 0 and a= 0 (ideal magnet), we obtain the 
familiar formulas given by Gross” for vertical focusing. 

It should be noted that, in contrast to the case of horizontal focusing, 
taking into account the extent of the fringing field has a substantial effect on 
the vertical focusing. 

Thus by means of Eqs.(16)-(21) one can carry out an accurate calculation of 
the vertical focusing taking into account the influence of fringing fields. 


Conclusions 


Using the described procedure, we designed a number of magnetic spectrometers 
of the type diagramed in Fig.6. One such spectrometer has already been realized 
in the form of an experimental model, and tests have shown that the experimental 
parameters are in excellent agreement with the calculated values. This spectro- 
meter will be described in a separate report. 
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Fig.6. Diagram of spectrometer with shields. 
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RECORDING PHOTOMULTIPLIER PULSES BY MEANS OF A TAPE RECORDER AND 
AN AUTOMATIC RECORDING VOLTMETER 


- A.N.Silant' ev 


The equipment described below is intended for detecting and recording the 
spectrum of pulses from a photomultiplier on recorder tape or an automatic volt- 
meter chart. 

The pulses are recorded on magnetic tape in case of measurement of the radia- 
tion from radioactive substances with a short period, when it is not feasible to 
use a multiple channel pulse height analyzer. The circuit was developed to oper- 
ate in conjunction with a "Melodiya” tape recorder. The permissible load is deter- 
mined by the characteristics of the recorder head. 

The pulses are recorded on the chart of the automatic recording voltmeter in 
the case of measurement of the radiation from radioactive substances with a low 
level of activity and in working with coincidence circuits. 

The pulse stretching assembly consists of three stretching stages and two 
control stages. The pulses for the tape recorder are taken off the output of 
the first stretching stage. 


The converter assembly consists of an amplifier, a gating stage and a con- 
trol unit. 

The pulses from the photomultiplier are applied through an amplifier with an 
amplification factor of from 1 to 10 to the input of the stretching unit. A dia- 
gram of this unit is shown in Fig.1. The pulse stretching circuit consists of 
three stages. The first stage converts the incoming pulse to a pulse of 100 usec 
duration. This stage operates as follows. The pulse from the PM, through a cath- 
ode follower and diode, charges a 200 pf capacitor. The same pulse also trips 
the trigger. The duration of the trigger pulse is 100 usec. The trailing edge 
of this pulse unblocks the tube shunting the 200 pf capacitor. Thus, at the out- 
put of this stage there is attained a pulse of 100 usec duration with an ampli- 
tude proportional to the amplitude of the input signal. The trigger threshold 
is set for a pulse height equal to 1/3 the minimum pulse it is desired to detect. 

From the first stage the pulse is applied via a cathode follower to the re- 
corder head for recording on magnetic tape and is also fed into the next stage 
of the stretching circuit. The pulses enter the next stage through a relay which 
cuts off these stages during the time of shaping of the pulse. In the second 
stage the pulse charges a 1000 pf capacitor. From the second stage the pulse 
through a cathode follower and a diode goes to the third stage. Here the pulse 
charges a 0.1 pf capacitor. The trigger actuating the second and third stages 
is tripped either by an external pulse or by the pulse from the first stage. 

The trigger pulse through a cathode follower charges a 1 uf capacitor and fires 
the bantam pentode 6P15P. This tube continues to conduct until all the charge 
leaks off the capacitor. This time can be varied by regulating the bias voltage 
on the grid of the 6P15P tube. A negative pulse from the plate of the 6P15P tube 
is applied through a divider to the grids of the tubes shunting the 1000 pf and 
0.1 pf capacitors. Thus the circuit passes pulses only when a pulse is applied 
to the starting trigger. The starting pulse can be applied from a single channel 
pulse height analyzer with a wide gate. This allows of recording pulses with 
amplitudes in the desired interval. The pulse from the output of the circuit is 
applied through a divider to the input of the automatic recordiug voltmeter. 

The load at the circuit output should not exceed 60 pulses/min. 

In playback of pulses recorded on magnetic tape there are obtained pulses 
with a very long rise time. Such pulses cannot be analyzed by means of conven- 
tional analyzers. Hence, for playback the pulses from the tape recorder are 


- 1166 - 


Joaopiessz ode 


1I949u0T4U910d & 
oy yndyno 


(dENG) (deuy9 (dENg) 


*ZTuN BuTYyo}eI3s ostnd Fo 4ATNoATO °T°STaA 


(dSTd9) (aguz9) (dSTNO) 


(dSUz9) 
USUI YSHI 


USIHY USHI 


YEHS  UeK9 UEKI EHS —“Wexg! =~ WE 


ji 
(dENS) (aztg) (cENQ) 


(cENQ) 
YEHI 


(dguz9) 
YSH9 


S 
IS 


| 00 


qndut 
1093 T214 
Teule yx 


©) 
qnduy 


- 1167 - 


*IoeZLOAUOD estTnd Fo ZMUTO *S°sta 


(aGTNQ) (dENQ) (dguzg) 
UGSLHY UEHI US HMI 
«J 
I 
MWC 

7, ix 5] 
STD wa Wi 
64x006| eweK Re Hews OxYSLH 


= 
y, 
| | 5405 Js 
C 


UtHG YSIU9 UAUI UA*UYI YORUI UWU9 
(dTNQ) (dCTd9) (dtd) (dbtd9) (dTd9) 


US KY UEHI 
(dvTd9 ) (dGUuZz9 ) (deNng) 


- 1168 - 


amplified and enter the converter unit, which is diagramed in Fig.2. In the con- 
verter unit the input pulse is fed into the shaping circuit; at the output from 
this stage there is obtained a pulse with a flat top and a duration equal to half 
the width of the input pulse. Parallel to this stage the input pulse is differ- 
entiated and after amplification applied to the trigger. The trigger is tripped 

at the instant when the input pulse passes through its maximum value. For great- 
er stability the circuit incorporates two triggers, the first of which is a Schmitt 
type trigger. The differentiated pulse from the first trigger trips the second 
one. The duration of the pulse from the second trigger is equal to the duration 

of the signal at the output of the circuit. 

Next, the pulse goes through a gating circuit, which is opened by the pulse 
from the trigger. Since the pulse from the trigger begins when the input pulse 
has already attained its maximum amplitude and ends before the pulse at the out- 
put of the stretching circuit has begun to drop off, there is obtained at the 
output of the gating circuit a square pulse with an amplitude proportional to 
the amplitude of the input signal and a length equal to the duration of the trig- 
ger pulse. 

Since the pulses at the tape recorder output have an appreciable length, the 
load on the recorder in recording should not exceed 100 pulses/sec. 

The described circuit allows of simultaneous recording of the pulses by means 
of the tape recorder and the automatic recording potentiometer. 


"V.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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CONCERNING THE MEAN CHARGE OF IONS PASSING THROUGH MATTER 
- I.S,.Dmitriev, V.S.Nikolaev, L.N.Fateeva & Ya.A.Teplova 


Introduction 


Determination of the equilibrium charge distribution and the cross section 
for electron loss and attachment by multicharged ions is important in connection 
with a number of different practical and theoretical problems. In particular, 
in some nuclear spectroscopy studies use is made of the mean ion energy loss, 
which depends on the mean charge. The mean ion charge is determined from the 
equilibrium charge distribution arrived at as a result of loss and attachment 
of electrons by the ions moving through the medium. The mean charge 7 of multi- 
charged atoms differs substantially from the nuclear charge Z.1,2 

In the present report we give the result of experimental investigations of 
the equilibrium charge distribution of the ions of light elements with Z from 2 
to 18 and Kr ions in helium, nitrogen, argon, krypton and celluloid film, together 


with some results of measurements of the charge exchange cross section of these 
atoms in gases. 


Experimental procedure 


The source of fast multicharged ions was a 72 cm cyclotron. 3 The ion beam 
extracted from the accelerator was focused at a distance of about 8 meters from 
the cyclotron. Near the focus the beam was defined by two slits l (Fig.1) with 
a width up to 1 cm. To obtain ions with different charges a thin celluloid film 
2 of thickness ~2 ug/em2 was inserted in the path of the beam near the first slit. 
As a result of loss and attachment of electrons during passage through the cellu- 
loid film there were formed from the initial ions with charge i ions with charges 
it1, it2, etc. The ions with a given charge were deflected by the analyzing 
magnet H,; into the charge exchange chamber K, into which a uniform flow of the 
investigated gas was maintained. The ends of the chamber were delimited by chan- 
nels 3 with cross section 2 x 5 and a length of about 30 mm; these constricting 
channels allowed of maintaining a pressure differential of up to 1 to 60 between 
the exchange chamber and the neighboring volumes. For measurements of the equili- 
prium charge distribution in the gases another channel (4) of cross section 7 x 
x 0.7 mm and length 310 mm was installed in the chamber along the path of the 
beam. The average pressure in this channel was maintained at the level necessary 
for attainment of equilibrium charge distribution in the beam. For determining 
the equilibrium charge distribution in passage of the ions through celluloid film 
channel 4 was replaced by one or two celluloid films 5 with a thickness of 2-5 
ug/cm2. 

For investigating the charge distribution of the ions after their passage 
through the charge exchange chamber we used a second analyzing magnet (Ho). The 
ions were detected by proportional counters (6). 

Each measurement was repeated 2 or 3 times. In most cases the difference 
between the results of individual measurements was small and the measurement er- 
ror was assumed to be equal to the statistical uncertainty. The error in measur- 
ing the relative quantity @, of ions with charge i in most cases was equal to 
AIV Di%, where for ions with Z $ 10 the coefficient 4 ~0.4, while for ions with 
Z>10, Axl. The mean charge ; was determined with an accuracy of 1%. 

The ion velocity before the target 2 was determined from the strength of 
the field produced by the focusing magnet, which was calibrated with reference 
to protons, deuterons and O-particles of different energies accelerated in the 
cyclotron. For these measurements we changed the field of the first analyzing 
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Fig.1. Diagram of the experiment. 
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magnet H, and thus directed the beam into the stop- 
ping chamber, described in Ref.2. The velocities 
of these particles were determined from their 
ranges in air and in nuclear emulsions, making 

use of the range-energy curves given in Refs.4 and 
5. The uncertainty in determining the particle 
velocities did not exceed 2%. In the final result 
we took account of the decrease in the velocity 

of the particles incident to passing through the 
celluloid film or gas layer. 


Measurement results 


Measurements of the equilibrium charge distri- 
bution for ions with Z < 10 were carried out in 
the velocity range from 2.6°107-18 to 12°10-8 cm/sec 
in helium, nitrogen, argon, krypton and the cellu- 
loid film. The measurements for B, N and Ne ions 
in argon and Li, B and Ne ions in celluloid agreed 
within the limits of the experimental error with 
the results of our earlier investigationl. As in- 
dicated in this earlier investigation, the charge 
distribution for ions with Z from 3 to 10 is nearly 
Gaussian. For every ion the charge distribution 
width o in the indicated velocity interval and in 
the investigated substances is approximately the 
same. The mean values of o for Li, B, N and Ne 
ions are approximately, 0.56, 0.68, 0.78 and 0.85, 
respectively. The variation of the degree of ion- 
ization i/Z with the ion velocity differs in dif- 
ferent media. In Fig.2 this velocity dependence 
is given for Li and N ions in helium, nitrogen, ar- 
gon, krypton and celluloid. In the ;/Z ~0.2-0.6 
region the degree of ionization in the investigated 
gases can be approximated by a function (different 
for each gas) of the parameter v-Z-<, where a ~ 0.45. 
It is logical to expect a monotonic Z dependence of 
i/Z within any period of the Mendeleev table of ele- 
ments, There is, however, no a priori justification 
in extending this dependence to a wider range of 
Z values. In connection with this we felt it would 
be of particular interest to investigate the regu- 
larities in the equilibrium distributions in a wider 
range of variation of Z. To this end we carried out 
measurements of the equilibrium charge distribution 
of ions with Z > 10 in heliwm, nitrogen, argon, 
krypton and celluloid film at ion velocities of 
2.6°108 and 4.1-108 cm/sec. 

The measurements showed that with increase of 
Z the mean charge i at a given ion velocity increas- 
es in all the investigated substances. The charac- 
ter of the Z dependences of i/z, however, differs 
in the gases as compared with the solids (celluloid). 
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Fig.2. Variation of the degree of ionization 
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Fig.3. Z dependence of the degree 

of ionization i/Z in 1) helium and 

2) celluloid film at ion velocities 
a) v= 2.6°108 and b) 4.1°108 cm/sec. 


of Li and N ions in 1) helium, 2) nitrogen, 
3) argon, 4) krypton, 5) celluloid film as a 
function of the ion velocity. 
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Fig.4. Z dependence of the mean 
square ion charge i*® in 1) nitro- 
gen and 2) celluloid film at ion 
velocities a) v= 2.6-°108 and b) 
4.1-108 cm/sec. 
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Fig.5. Z dependence of @;: a) in celluloid film, b) in helium. The figures at 
the curves give the corresponding value of {; v= 2.6°108 cm/sec. 
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Fig.6. Z dependence of the equilibrium 
charge distribution width o = )/;2~j72 

in 1) helium, 2) nitrogen, 3) krypton and 
4) celluloid film; v = 2.6°108 cm/sec. 


The Z dependences of i/Z in helium and 
celluloid at ion velocities of 2.6-108 
and 4.1°108 cm/sec are shown in Fig.3. 
In gases the degree of ionization :/Z 
decreases monotonically with increase 
of Z. However, in the Z ¥ 11-13 re- 
gion the rate of decrease of //Z with 
increase of Z slows down. In the 
solid (celluloid film) in this Z re- 
gion there is observed a slight in- 
crease of i/Z. These regularities are 
also evinced in the variation of the 
mean square charge i?—)7?;, which is 
used for calculation of the mean ener- 
gy loss.2 Fig.4 shows the variation 
of i? with Z in nitrogen and in cellu- 
loid film at v= 2.6-108 and 4.1-108 
cm/sec. In connection with this if 
we represent i/Z in the given gas in 
the form of a function of Vode? gta ee 
no longer be a constant; for Z + 10-12, 
a 0, while for Z = 13-18, a ~ 0.6. 
Even sharper deviations in the 
Z ~11-13 region are observed for the 
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Fig.7. Variation of the electron loss (0) and 
attachment (@) as a function of the nuclear 
charge Z of the ion in nitrogen at an ion veloci- 
ty of 2.6-108 cm/sec The figures at the curves 
indicate the values of the ion charge t, 


values of ©,;, the relative 
number of ions in the beam 
with the given charge i. In 
all media the curves for PD) 
and @, exhibit a pronounced 
minimum in the vicinity of 
Z=12. With increase of i 
these dips in the Z = 12 re- 
gion become weaker (see, for 
example, Fig.5). The minima 
in the @, and @, curves and 
the slowing down of the rate 
of growth of @,; and @, in 
gases with increase of Z in 
the vicinity of Z = 12 indi- 
cates a decrease of the dis- 
tribution width o. As will 
be evident from Fig.6, the 
value of o for Mg ions (Z = 
12) has a minimum value. For 
Z >10 the distribution width 
in solids begins to increase 
substantially as compared with 
the width in gases. This 
difference attains 40 and 50% 
for A and Kr ions, respect- 
ively. 

The deviation from smooth 
variation of i and @, with 
Z% in the Z = 11-13 region is 
due to the fact that the third 
electron shell begins to fill 
in this Z region. It should 
be noted that in gases the 
deviation is evinced most 
strongly in the value of the 
distribution width o, while 
in solids it is evinced in 
the value of the mean charge 
ij and, consequently, in the 
magnitude of the average ener~ 
by loss. 

The equilibrium charge 
distribution in an ion beam 
depends on the electron loss 
and attachment cross sections, 
Qn and Qs, respectively. Mea- 
surements of these cross sec- 


tions showed that the Z dependences of @, and Qs are not monotonic (Fig.7). The 
electron loss and attachment cross sections have a minimum in the Z = 10-12 re- 


gion, and the depth of the minimum depends on the ion charge Le 


The minimum of 


Q, can be explained by the fact that in this region the electron binding energy 
attains a maximum value, while the minimum of Q; can be attributed to the fact 
that in this region the ionic dimensions are minimal and the binding energy of 
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the attached electron attains the lowest value. 
The results obtained indicate the importance of taking into account the in- 


fluence of the periodic structure of the electron shells of ions on the values 
of 7 and @ that are used in calculating the mean energy losses of ions in matter. 


Scientific-Research Institute of Nuclear Physics, 
Moscow State University 
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CONTRIBUTION TO THE STATISTICAL THEORY OF FERRO- AND ANTIFERROELECTRICS 
- V.I.Klyachkin 


With a view to obviating the shortcomings of model theories!~4 which util- 
ize the inadequate formalism of Boltzmann's gas statistics for investigating crys- 
tals, we attempt in the present contribution to study the physical attributes of 
phase transitions in ferroelectrics by means of the statistical method of Bogolyu- 
bov?. We shall treat these transitions as effects of statistical ordering in ion- 
ic displacement space. In our opinion Bogolyubov's method of partial functions 
based on the dynamical principles of Gibbs' statistics should make it possible to 
circumvent the difficulties inherent in the model approach and provide a means 
for relating the familiar thermodynamic equations of the general theory of phase 
transition with the structure of crystals. 

We start with the following physical picture of the thermal motion of ions 
in a crystal in the temperature region near the phase transition point, and we 
shall restrict our consideration to ferroelectrics with the perovskite structure 
(the most thoroughly studied representative of this group is barium titanate). 
The states corresponding to temperatures above and below @ differ as regards the 
type of stable crystal structure: in the T> 9 region the structure is cubic, 
while in the T < 6 region the structure is tetragonal, sometimes (for antiferro- 
electrics) with superstructure. 

In the cubic region the ions execute harmonic (or anharmonic) oscillations 
about the lattice sites in a potential field having cubic symmetry. As is known 
from the theory of lattices, the system can be represented in the form of a con- 
junction of independent harmonic oscillators with a set of intrinsic frequencies 
¥%; (for anharmonic oscillations the different oscillators are energetically coupled). 
The vibration spectrum of the system is wholly determined by the character of the 
bonds between the ions comprising this structure. In the T< 6 region, where the 
structure becomes tetragonal, the vibration spectrum of the system changes owing 
to alteration of the intrinsic frequencies »;. In the region of the phase transi- 
tion, i.e., at T~ 9, however, the structure becomes "loose'’ and unstable; this 
means that individual ions acquire the possibility of shifting from their equili- 
prium positions. In this “loose” structure the equilibrium centers about which 
the ions oscillate are no longer characterized by the regularity of the normal 
cubic or tetragonal structure. 

Using the initial stable cubic structure at T > @ as the point of departure, 
we can describe the thermal motion in the T* 6 region if we assume that each ion 
is displaced a certain distance p from the initial site of the cubic lattice and 
oscillates with a certain frequency about the new displaced center. 

Inasmuch as our problem does not include investigation of the spectrum of 
oscillations of the ions relative to the displaced positions of equilibrium, we 
will not introduce normal coordinates, the use of which is expedient and justi- 
fied in constructing a dynamic theory based on analytic solution of the equations 
of motion. For developing the statistical theory under consideration, introduc- 
tion of normal coordinates is not necessary inasmuch as all the mean values of 
interest to us are obviously invariant under canonical transformation of the co- 
ordinates. Moreover, from the standpoint of procedure it is of interest to de- 
rive equations that will allow of determining the mean values without recourse 
to the condition that the ionic displacements are small relative to the lattice 
constants. It is not clear to what extent this condition, which is fundamental 
to the introduction of normal coordinates, bate be syeeneect wee region of 

ition, where the structure is oose and unstable. 
em pegs ce will be investigation of the process of statistical ordering of 
the ionic displacements and the resultant appearance of a new type of crystal 
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structure in the region below the Curie point. 

Where ferroelectrics of the perovskite type are concerned this ordering means 
that at T < @ the displaced centers of oscillation of the ions will acquire an 
order corresponding to the tetragonal structure. 

Bearing in mind the above considerations let us consider the distribution of 
ionic displacement from the standpoint of the statistical method of Bogolyubov. 

We note that inasmuch as displacement of an ion from the initial position is equi- 
valent to the appearance of a dipole with moment pe = Zep(ee is the effective 
charge) , we can speak of the transition to the tetragonal state as an effect of 
statistical ordering of the dipoles. As a result of this ordering, obviously, the 
average projection of the dipole moment , on any crystallographic axis and, conse- 
quently, the average projection of the ionic displacement (p>) will be nonzero. In 
contrast to the familiar case of a Langevin dipole gas, where the averaging is car- 
ried out only over different directions of the rigid dipole, here the averaging 
must also be carried out over its magnitude, i.e., over all three coordinates of 
the displaced ion. 

This treatment gives us the right, in using the formalism of classical sta- 
tistics for calculating the average values, to choose as our configuration space 
the space of the ionic displacements p (or, what is the same thing, the space of 
the dipole moments pw connected with the ionic displacements). 

We now introduce into our chosen configuration space, following Bogolyubov? 6, 
the sequence of distribution functions F(p), F2(p,, pa) UF, (PO ABD: These functions 
describe the probabilities that ions 1,2,3,...s will be displaced vector distances 
bts Powpe. £YOM their initial equilibrium positions. 

Now following the usual procedure, we can construct a set of integro-differ- 
ential equations relating the successive distribution functions: 


Dias hie se (1) 


where the Dand L are differential and integral operators, respectively. 

If we are interested in the mean value of the ionic displacement in some di- 
rection <z,>, in order to calculate it we must know the first order distribution 
function F,(p), related by Eq.(1) with the function /F,(p,, p.). Making use of the 
procedure developed in Ref.6 for solving this problem, one can obtain the initial 
equations and establish the conditions for determining the Curie temperature for 
ferro- and antiferroelectrics. 

Below we give the results of investigation of the physical properties of the 
ferro- and antiferroelectric states based on analysis of one particular form of 
the equations deduced in Ref.6, corresponding to the case of one ordering crystal- 
lographic sublattice of the total number of five comprised in the perovskite struc- 
ture. To do this one must first determine the potential energy of the ion in the 
displaced position by solving Eq. (3) of Ref.6. One must expand the ionic pair 
interaction energy Ute (p, p’) in a series in relative displacement of the ion pairs 
(ikp) and (jeg), where i and 7 are the numbers of the ions in the given chemical sub- 
lattice, k and / are the indices of the chemical sublattice, and p and q are the 
indices of the superstructure sublattices into which the chemical lattice is sub- 
divided. Carrying out the expansion to fourth order terms, we obtain (taking into 
account the external electric field E,): 


WE = Wr + War = Dyker — 2D) [BE aadt + > ee |za + >) ebaatat..., (2) 
ra (nan? age a Bp 


wherein 
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: (p) WP (p) > 
FR () = Mexp— fr 5 (MR) t= Sexp— ap, (2a) 


The coefficients ¢% e%?!1 and e%s are structural sums determined, respective- 


ly, through the second and fourth, derivatives of the energy U/,); with respect to 
the coordinates of the displaced ion. 


Now we can determine the mean values of the displacements <z,), (x;>, ote., 


using an expansion in powers of the anharmonic term in the energy W? (0). 

We will not give the specific expressions for the mean values of these quan- 
tities, but will give only the principal results of calculations. 

1. Using the expressions for the Curie points of ferro- and antiferroelec- 
trics (see Eq.(10) in Ref.6) and determining <x?>, we obtain the following dynam- 
ic criterion for the existence of ferro- and antiferroelectricity: 


ee ene > eee iy: (3) 


where the £4% and g* are the elastic coefficients for the ferro- and antiferro- 
electric configuration of a shifting sublattice of type k (see Eq.(10a) in Ref.6), 
and the §* are the corresponding elastic coefficients of the same lattice associ- 
ated with the effects of interaction with all the other lattices in the structure. 
Obviously, inequalities (3) are fulfilled on condition of strong compensation of 
the positive and negative contributions to the magnitude of Be 


2. Calculation of the mean displacement <z,> leads to the following expres- 
sions (for E£,= 0): 


err = A, (0, —T) | (4) 


co — ae Ag (0g— Pr’). 
for a ferro- or antiferroelectric (second order phase transition). 
3. The dielectric susceptibility, connected with the ionic displacements for 


each configuration determined in the usual ee proved to be identical with that 
given by the thermodynamic equations of Ginzburg? and Kittel®: 


te 22C(P—0,)7 > 0,; eC (OP aT) ATE, (5) 
for a ferroelectric, and 
Hi = [4% = by (7 t 7) ae E Ze Oa; % Ki = [d;, = 2b; (9, ee Le) 5 < 8q (6) 


for an antiferroelectric. 
4, Investigation of the heat capacity discontinuity showed that in the given 
approximation there obtains the equality 


ACy, = ACvy: (7) 


5. Investigation of the relative stability of the ferro- and antiferroelec- 
tric configurations gives reason to infer that 


@O, > DO, for 6, > 0, 
and 


@, hi DM, for 04 < Os, 


- 1182 - 


(D is the thermodynamic potential), i.e., the state with the higher Curie tempera- 
ture is more advantageous. 

The structural coefficients entering into Eqs. (3)-(8) can be determined if 
one knows the law governing the pair interaction of the two ions in the displaced 
position as a function of the relative displacements. 

More detailed results of numerical calculations for the specific case of 
BaTi03 are given in Ref.9, where on the basis of comparison with experiments we 
established the shortcomings of the approximation involving one displaced lattice 
and show that use of the concept of two or more shifting sublattices one can ob- 
tain quantitative agreement between theory and experiment for barium titanate. 

I desire to express my gratitude to G.A.Smolenskii for constant interest in 


the work. 
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CONTRIBUTION TO THE THERMODYNAMIC THEORY OF FERROELECTRICITY 
- V.L.Indenbom 


Merce the results of Landau's! theory of second order phase transitions, 
Ginzburg investigated ferroelectric phase transitions by expansion of the thermo- 
dynamic potential in even powers of the components of the polarization vector P: 


@O(P) = D, + aij; PiP; + Baise, Py... (1) 


It is found that a crystal may undergo either second or first order transitions, 
depending on the temperature variation of the coefficient in expansion (1). 

It must be noted, however, that an expansion of type (1) appears in the theo- 
ry of Landau only after there are excluded from consideration all the variants 
for which the symmetry of the crystal forbids second order phase transitions. If 
we are interested in all possible types of ferroelectric phase transitions, we 
cannot reject these variants and limit the consideration to expansion (1). More- 
over, as was noted earlier by the writer3, the fundamental assumption of the 
thermodynamic theory of ferroelectricity to the effect that the polarization is 
an auxiliary parameter describing phase transitions, cannot be applied to many 
ferroelectric phase transitions, among them all transitions involving a change in 
the number of atoms per unit cell. 

Let us consider in detail the two types of ferroelectric phase transitions 
not covered by the usual theory. 


1. Ferroelectric phase transitions for which the polarization is a para- 
meter 


First, let us particularize Landau's theory for the case when components of 
the polarization vector P; serve as parameters determining the change in the crys- 
tal symmetry in the transition. Particular cases in Landau's theory can arise 
only when the components of P; transform through each other as a result of a sym- 
metry operation for the given crystal class (i.e., transform according to the 
multidimensional irreducible representation of point group symmetry). These cases 
are exemplified by cubic crystals (P;, P, and P, transform in the general three 
dimensional representation) and uniaxial crystals P. and P, transform in the gen- 
eral two dimensional representation). Ferroelectric transitions in biaxial crys- 
tals and transitions in uniaxial crystals with appearance of polarization along 
the axis do not give rise to any complications. 

For the symmetry of the crystal to allow a second order ferroelectric phase 
transition the following two conditions must be satisfied: 

1) the state of the crystal at the transition point must be stable; hence 
the expansion of the thermodynamic potential © in terms of P; must not contain 
third order invariants (composed of the components P,, P, and P, for cubic or of 
the components P, and P, for uniaxial crystals) ; 

2) the transition must result in a uniform and not in a laminar crystal; 
hence in the expansion of @ there must not be present invariants of the type 

OP. =) 


Die = Pye 
( Ox, 7 Ox, 


For the sake of simplicity we will compose invariants of types 1) and 2) of 
all three components of the polarization vector, Then we need specifically in- 
vestigate only cases when the symmetry of the paraelectric phase does not result 
in vanishing of all the components of two tensors of the third rank: a) symmetri- 
cal with regard to all indices, and b) antisymmetrical with regard to one pair 
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of indices. Below we list the invariants for all nonpyroelectric classes. 

Invariant P,P,P,is allowed by classes D,,D.4, 54, T and Ta. In class D, (bi- | 
axial crystals!) this invariant does not give rise to complications inasmuch as 
the transition is determined by one of the components of the polarization vector 
(for example, Rochelle salt). In class D,.q appearance of polarization in the 
basal plane gives rise to secondary polarization along the principal axis. In a 
second order transition P, and Py increase with decrease in temperature in pro- 
portion to VJV@ - T, while P, increasesin proportion to (@ - T) (@ is the Curie 
point). The end of the spontaneous polarization vector with decreasing tempera- 
ture will describe a parabola tangent to the basal plane. If the polarization 
appears along the principal axis (for example, KHjP04) the invariant P,P,P, deter- 
mines the behavior of the dielectric constant in the basal plane. Analogous ef- 
fects should be observed in crystals of class S,, which allows of invariants 
P,,PyP, and P, (Pi — P3). 

In classes T and 7a invariant P,P,P:, as was noted earlier by the writer, 
forbids second order ferroelectric phase transitions. Owing to the asymmetry of 
the thermodynamic potential, a first order phase transition may have a number of 
distinctive characteristics as compared with the first order phase transition in 
barium titanate. Unfortunately, the only known example (boracite - class 74) has 
not been adequately studied. 

Invariant P,(3P;,— P%) is allowed by classes D,, Ds, and Cs,. The last class 
(depending on choice of axes in the basal plane) also allows invariant P,(3P%— P%). 
As a result in classes D,, D,, and C3, second order ferroelectric phase transitions 
may occur only in case of appearance of polarization along the principal axis. 


oP, 


Invariant Bey | is allowed by classes D,, Ds and D,;. Hence in 
these classes second order ferroelectric phase transitions should be accompanied 
by the appearance of polarization along the principal axis. Upon the appearance 
of polarization in the basal plane, the crystal (inside the domains) may break up 
into layers parallel to the base. 

Invariant P-rotP is allowed by cubic classes 7 and 0. As a result, in these 
classes second order phase transitions are forbidden, while first order ferroelec- 
tric phase transitions, accompanied by weak distortion of the lattice, may result 
in stratification of the crystal inside the domains. 

Thus, among uniaxial nonpyroelectric crystals only crystals of classes C,), 
Din, Sg, Dsa, Con 20d Den and among cubic crystals only crystals of classes of 7), 
and 0, are satisfactorily described by expansion (1). For all other uniaxial and 
cubic crystals there must also be taken into account the above listed invariants. 
Having supplemented expansion (1) with these invariants, we obtain a complete set 
of all possible ferroelectric transitions for which polarization is a parameter. 


2. Ferroelectric phase transitions for which 
polarization is not a transition parameter 


From the fact that ferroelectric phase transitions lead to the appearance of 
spontaneous polarization it does not necessarily follow that the polarization is 
a parameter describing the transition. By way of example, we can cite the follow- 
ing second order phase transitions not involving a change in the number of atoms 
in the unit cell allowed by Landau's theory: 


Csn (Bu) = Cy; Dgn (E") = Cy; Dyn (E") Ce; Ta(Fi) Cy; Con (Eu) = Co. 
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‘In the parentheses we give the representation in which the parameter describing 
the given transition is transformed and which describes the character of the 
change in symmetry of the crystal. The first four examples are ferromagnetic 
transitions. Here the parameter is the magnetization (in classes C3, and Ds, - 
magnetization in the basal plane). Electric polarization appears as a secondary 
effect. With change in temperature the magnetization increases in proportion to 

6 - T, and the electric polarization increases in proportion to (@ - T). In 
the last example the polarization P, appears as a third order effect with respect 
to asymmetry as a parameter and increases in proportion to (9 - T)3/2 (in contrast 
to the case of the transition C,,(A,)<C,, when P,~ JO - T). 

If the pyroelectric phase appears as the result of a phase transition involv- . 
ing change in the number of atoms per unit cell, such a ferroelectric transition 
obviously cannot be described by means of the polarization vector since in this 
case it is clear that no vector or tensor quantity can serve as a transition para- 
meter.3 Consequently, in this case spontaneous polarization can only be a second 
(or higher) order effect. 

By way of illustrative example, we can cite the second order ferroelectric 
transitions from phases with symmetry C{,, investigated by Lyubarskii®. In addi- 
tion to ordinary transitions connected with the appearance of polarization along 
the principal axis (C{,<C{) and in the basal plane (C§,=2C3), the crystal symmetry 
also allows of Ci,=— ; phase transitions with doubling of the volume of the unit 
cell. In this case, as can readily be shown, the polarization P, is determined 
by a quadratic combination of parameters describing the transition and increases 
in proportion to (@ - T), and not in proportion to Jo -T. 

In all cases when the polarization is not a parameter of the ferroelectric 
transition, the transition occurs not to a higher subgroup of the initial space 
group allowing spontaneous polarization" , but to a subgroup of lower symmetry. 
Apparently more than half of all known ferroelectric transitions belong in this 
class, which is not encompassed by the ordinary theory of ferroelectricity. For 
describing such transitions one can use the theory developed earlier by the writ- 
er? if the number of atoms per unit cell remains the same. Otherwise for describ- 
ing the transition one must have recourse to the concept of space groups. 


Note added in proof: 

At the conference, in the discussion following presentation of this report, 
there were cited a number of examples of temperature variation of the spontane- 
ous polarization in apparent agreement with the developed theory. However, in 
our opinion the presented experimental data are in need of further checking and 
refinement. The writer is deeply grateful to v.A.Koptsikii for offering to under- 
take the appropriate experiments. 


Institute of Crystallography, 
Academy of Sciences of the USSR 

*The condition for transition to a higher subgroup allowing spontaneous 
polarization is a consequence of the initial assumption of thermodynamic theory 
of ferroelectricity? to the effect that polarization is an auxiliary parameter 
describing the transition. The (and only this) consequence of the usual theory 
is sometimes utilized for constructing tables of "yossible ferroelectric transi- 
tions’. 
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THERMODYNAMICS OF SOLID SOLUTIONS WITH FERROELECTRIC PROPERTIES 
- V.G. Granovskii 


Owing to the expanding engineering use of solid solutions with ferroelectric 
properties there is a growing interest in their theoretical investigation. In 
view of the success of the thermodynamic theory of single component ferroelectrics 
(such as BaTi03) an attempt was made to extend the results of this theory to solid 
solution ferroelectrics typified by barium titanate with isomorphic substances. 

In an earlier contribution! the writer deduced the solution-composition depend- 


ence of some of the coefficients in the expansion of the thermodynamic potential 
in powers of the polarization 


O =) +aP?+ —BPi4 PyPe+... (1) 


Considering a series of solid solutions having the same base material (for 
example, BaTi03), in the case of a first order phase transition the following ex- 
pressions were obtained! for a and 6B (the temperature dependence of B was not 
taken into account): 


& = ae, [1 + Eax(nax +- x — 2)] + a, [T — (1 — az), (2) 
B= BoV 1 + Eax(nax + x — 2), (3) 


where ais a constant characterizing the chemical composition of the solid solu- 
tion, z is the concentration, £ and y are parameters which are constant for any 
given series of solid solutions, and §)=6,-) and By) = Bx=o- It is assumed here 
and below that transition from one phase to another occurs only when the first 
phase loses its stability.2 

Making use of Eqs.(2) and (3), let us investigate the dependence of the shape 
of the hysteresis loop on the composition of the solid solution. The temperature 
intervals defined by Kholodenko2 for barium titanate, taking into account the geo- 
metric shape of the hysteresis loop, as well as the coercive field strengths with- 
in these intervals, can be found by means of Eq. (2) for any solid solution. The 
temperature interval 7,,<T <0.2(46 + Ty.) (T3,is the temperature of transition from 
the nonferroelectric to ferroelectric phase), within which, in contrast to the 
ordinary hysteresis loop, a unique relation obtains between the electric field 
and polarization for small values of polarization, and the temperature interval 
6<T <—0.8 (2.258—T,,) within which a "double" hysteresis loop obtains, are equal- 
ly dependent on the composition of the solid solution. The width of these inter- 


a 
vals, considering that T,,=9%— — (Ref.2), is 0.8 Mee [4 + Eax (naz + 2—2)], while 


Ag Ay, 
the temperature interval 0.2(40 + Ti) <T <8, wherein the hysteresis loop has an in- 


flection point, is equal to 0.2 “% [4 + Eax (naz + x —2)). For a>0O as the concentra- 
Ag, 

tion is increased to 7%» = ipa the width of all the above intervals decreases, 

put none of them goes to zero (at least in the case of BaTi03 solid solutions). 

In the case of a second order transition, however, these intervals are equal to 
zero, since da», = 0. Consequently, as the concentration approaches z,, and, accord- 
ingly, the intervals become narrower, the characteristics peculiar to second order 
phase transitions become more clearly evinced. This fact was noted earlier on the 
basis of experimental considerations. 3 The decrease of the temperature interval 
§—T 2, Wherein temperature hysteresis is possible, points to the same conclusion. 
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The expression for the coercive field in the first two temperature intervals 
has been deduced by Kholodenko?, and may be written in the form 


Eg=—2 3 oP (8 ot) — 


ee 25) OR 


{ 6 i F 
me; = a [1 + Eax (naz + x— 2)]}4 {0.0400,(4 + Eax (nar + x — 2)] + %,[T —%(1—az)]}, (4) 
and for the third interval in the form 


a 1 
By = — Fae (t —0) = 2g) / Ae t + ban (nas +2 — 218 x 


x IT — 85 (1 —ax)] = Hooft + Bax (nox +2 —2)]* (1+ =.) 


(5) 


where //., is the coercive field for x= 0. However, 
we are most interested in the way in which the shape 
of the hysteresis loop depends on the composition 
oe i / of the solid solution for temperatures 7) <T7,, in the 
/ eZ case of a first order phase transition (for tempera- 
/ Pa tures 7’<6@ in the case of a second order phase 
Le hee transition the shape of the hysteresis loop will be 
the same). It turns out that the coercive field in 
this case can be calculated approximately by means 
2 of Eq.(5). From (4) and (5) one may conclude that 
2 nen f l (oo in any temperature intervals equidistant from 6 , 
0 Oe C4 @ as the concentration approaches z,, the coercive 
field will diminish, reaching a minimum when z = z,,. 
For a more complete description of the hysteresis loop one can obtain the 
variation of the spontaneous polarization with the composition of the solid solu- 
tion. In the assumed approximation (8 independent of temperature) the spontane- 
ous polarization can be written in the form (recalling that B° = 4agy —- Ref.4): 


5 - 
2-1, coul/om® 


Po 8 He VBP saye ay EV ag (O78) BO: a (6) 
Pp? — ; = = = P 15] SRE h 
iF Vt 9 
a 2 
where Pi=— = is the spontaneous polarization at the phase transition tempera- 


ture. It is evident from this that as the concentration increases to Im With 
a>0 the quantity P2 diminishes. It is therefore possible to follow the varia- 
tion in shape of the hysteresis loop with change in the composition of the solid 
solution, As an example, the x dependences of P for Ba(Ti,Zr)03 and (Ba,Sr)Ti03 
are shown in the accompanying figure (dashed curves 1 and 2, respectively). The 
corresponding experimental curves (solid curves) taken from the work of Smolenskii 
et al5,® are also given for comparison. 

One of the parameters that characterize the degree of nonlinearity of ferro- 
electrics is the slope of the reversible dielectric constant curve. Kholodenko* 
obtained the variation of the polarization with the applied electric field. Using 
this relation, the expression for the Slope of the reversible characteristic can 
be written in the following form (retaining only significant terms): 


(2) tp +100 _ ‘VB RVG HV 0— 7) 
dE) 7 16P (BP? + 2a)8 — — 64YV2 [aga (G—T)e ” 
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,It is clear from Eq.(7) that with increasing electric field strength the dielec- 
tric constant © decreases. With approach to the Curie point 9 the slope of the 


reversible characteristic increases. The composition dependence of (=), can be 


investigated by utilizing Eqs.(2) and (3). In the case of a positive solid solu- 
tion constant, as the concentration approaches z,, the slope of the reversible 
characteristic at identical distances from 9 increases and attains a maximum at 

XL = Xm. In the case of a negative solid solution constant, on the other hand, the 
curvature of the reversible characteristic decreases as the concentration increas- 
es to &y». 

Consequently, for a> 0 a solid solution with concentration z,, has a number 
of extremum properties (for the given series of solid solutions): minimum coer- 
cive field, minimum spontaneous polarization, maximum dielectric constant, maxi- 
mum slope of the reversible characteristic, plus a number of extremum electro- 
elastic properties.1 At the same time increase of a with a > 0, as easily seen 
from Eq.(1), increases the absolute maximum (or reduces the minimum) values of 
the above physical quantities. 

Quantitative verification of the above equations is hindered by the great 
scatter in the experimental data published by different authors. Nevertheless, 

a preliminary evaluation of the dielectric properties of solid solutions does 
seem feasible. 

It should be noted that in the case of a second order phase transition it 
is still impossible to draw any definite inferences concerning the composition 
dependence of the dielectric properties of solid solutions, inasmuch as the com- 
position dependence of the coefficient § remains unknown. 


I desire to express my deep gratitude to A.L.Khodakov for his guidance in 
the work. 


Rostov-on-the-Don State University 
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INTERNAL FIELDS IN SOME FERRO- AND ANTIFERROELECTRIC MODEL STRUCTURES 
BASED ON BaTiO. 
- N.N.Krainik 


The electrostatic forces acting on the ions of the crystal lattice are one 
of the most important factors determining the relative stability of the ferro- 
and antiferroelectric state. In order to explain the appearance of ferro- and 
antiferroelectricity in the specific cases of solid solutions the base material 
of which is an antiferroelectric material, it is useful to consider the variation 
of the internal field as a function of the parameters of the ions comprising the 
crystal lattice of antiferro- and ferroelectric substances of the perovskite type. 
The stronger the internal fields, the more stable, other conditions being equal, 
will be the structure exhibiting spontaneous polarization. 

Takagil carried out a comparison of the coefficients entering into the ex- 
pression for the electrostatic forces acting on the ions in a ferroelectric struc- 
ture of the BaTi03 type and one type of antiferroelectric structure as a function 
of the electronic polarizabilities Q@ of the ions. Venevtsev et al2 published the 
results of calculations of the internal field in ferroelectric materials for dif- 
ferent values of the polarizability Q and the unit cell volume V. Earlier the 
writer? carried out a comparison of the internal fields (calculated by the method 
of Kinase#) acting in two typical models of antiferroelectric structure, on the 
one hand, and in the ferroelectric structure of the BaTi03 type on the other hand, 
for different values of @ and VY. In the considered antiferroelectric model struc- 
tures the fields acting on the corner ions (the ions A in compound ABO, with the 
perovskite structure) are zero inasmuch as these ions lie midway between layers 
of antiparallel dipoles. In actual antiferroelectric crystals there is observed 
an appreciable displacement of the corner ions, and, consequently, the internal 
fields acting on these ions are nonzero. It is of interest to consider an anti- 
ferroelectric model structure in which the fields acting on the corner ions are 
not zero. Moreover, examination of several different models should help deter- 
mine whether there is a general regularity governing the dependence of the rela- 
tive stability of the ferro- and antiferroelectric states as a function of the 
ion parameters. 

In the present work we calculated the coefficients entering into the expres- 
sion for the internal field in the antiferroelectric structure shown schematical- 
ly in Fig.1 and compared their values with the corresponding coefficients in the 
expression for the fields in the ferroelectric structure of the BaTi03 type. The 
spontaneous polarization is produced by the corner ions A and the oxygen ions Ortr 
(Fig.2). The fields acting on ions B, Oy and Oy; are zero. 


x 
oat, 
Y 

Fig.l Fig.2 
Fig.1. Diagram of unit cell consisting of eight initial unit cells with the perov- 
skite structure for which the internal fields were calculated. The signs + and - 
correspond to positive and negative direction of the spontaneous polarization pro- 
duced by ions A and Oyyq. 
Fig.2. Initial unit cell of the perovskite structure: ¢ - ion B, @ - 
ion A, I - ion Oy, II - ion Oyzz, III - ion Orr. 
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The field strength as a function of the polarizability of the ions and the 
volume of the unit cell were calculated by the method of Kinase*, using Kinase's 
values for the structure coefficients for a cubic lattice with Randeniabed ions. 
As the initial parameters we took the polarizabilities used by Slater> for BaTiO 

and assumed the unit cell volume to be 64:10724 cm3, In each case we varied sais 
one parameter, keeping the other parameters constant. In order to utilize the 
structure coefficients for a cubical lattice, the edges of the initial unit cell 
were doubled so that the new unit cell contained 8 "molecules". 

For purposes of calculation the crystal lattice was regarded as consisting 
of point charges and point dipole moments located at the positions occupied by 
ions. It was assumed that the charges of the corner and central cations and an- 
ions were related as (+1): (+2):(-1). Admittedly, these assumptions are rough, 
and hence the results can be regarded as only semiquantitative. However, we 
deemed the accuracy to be sufficient for finding the tendency in the variation 
of the relative stability of the ferro- and antiferroelectric structure as a func- 
tion of the ion parameters. 

The equations for the internal fields acting on the corner ions (/,) and on 
the Orzz oxygen ions (Eo) are of the form 


’ 1 1 , 
Ex = F(a + P) (+0) + (Am + Ah) (oe + 23) A 
i, iN ail 
Pen eon iS 3 [(q + P) (®o2 + 22) + 8(p — GQ) X02 + (4m + 4h) (Y + v)]; : 
where g, p, m and / are the structure coefficients 


S; (00 */2); iS (*/2*/29), S, (O*/, */) and — Sz("/2 */a*/4); 


vy and 7, are the electronic polarizations of ions A and Ozzy; v and x. are the 
ionic polarizations of ions A and Orqr> which are taken equal to the product of 
the ionic charges by their displacement from the position in the initial cubic 

lattice: 


&9 = 10°°f (36a) F mt. 
The solution of (1) is of the form 


v= Too" Vo =e Yvx,' 02) 


Le = Yx.v°Vo + Vxgx0"%02- (2) 


The results of comparison of the values of yi; for the ferro- and antiferro- 
electric structures with variation of the polarizability of the oxygen and varia- 
tion in the size of the unit cell are summarized in the accompanying table. It 
will be evident from the table that the relative stability of the given antiferro- 
electric structure as compared with the ferroelectric structure increases with de- 
crease in the polarizability of the oxygen and with increase in the volume of the 
unit cell. These results are in qualitative agreement with the data of Refs.1 
and 3. 

Thus comparison of the relative stability of three different antiferroelec- 
tric structures and the ferroelectric structure of the BaTi03 type, as evaluated 
from the strength of the internal fields, showed the same quantitative dependence 
of the stability on the polarizability of the oxygen ion and the volume of the 
unit cell. Hence it may be assumed that the deduced dependences are also valid 
for real antiferroelectric structures. 


=ell92Ze=— 


Ratios (in percent) of the difference between the According to Tessman 
coefficients 7 for the ferro- and antiferroelectric et al, the polarizability 
structures with the value of the coefficient in the of oxygen in simple oxides 

ferroelectric structure: rises with increase in the 


volume occupied by the ion. 
In the perovskite struc- 
ture, however, the pres- 
ence of oxygen octahedra 


is k Keace 
Parameters HE oie oy ae is an important distinc- 
tive feature which is re- 
Initial parameters +25.2 | +48.9 —2.2 5.6 sponsible, when certain 
used in Ref.5 conditions are occupied, 
att » Op» VO for the appearance of 
Cp 0.Stig, eat VV beets, Tes Sele SO ony tore ferro- and antiferroeléc- 
V=3.75%A2=0,822 V?; +33 455.3 | +10.6 | +19.3 tricity. Hence it may be 


Oh, = 09; Agar ; 
BEND AOS y assumed that the polariza- 


bility of the oxygen will 

be determined primarily by 
the conditions of packing of the ions in the octahedron and will depend more on 
the B—O than on the distance A—O. 

Let us consider the size of the oxygen ion as evaluated from the distance 
B—0O, assuming the oxygen ion to be compressible and the radii of the B cations 
to be constant and equal to the tabular values. This assumption is reasonably 
justified inasmuch as in compounds in which the degree of covalence of the chemi- 
cal bonds does not exceed 50%, the ionic radii of the cations vary much less than 
the radii of the anions (see, for example, Batsanov’”). 

In compounds with the perovskite structure, in which an antiferroelectric 
phase appears, the structure factor i <1* and the size of the B ion exceeds the 
size of the octahedral “hole”. Consequently, the oxygen ions are "compressed" to 
a greater degree in the B—O direction than in the A~—O direction; the degree of 
“compression” will increase and the "size" of the oxygen ion will decrease with 
decrease in the size of the corner ion A and increase in the size of the central 
ion B (i.e., with decrease of t). Comparison of the sizes of the oxygen ion 
evaluated from the distance B—0O for a number of compounds with the perovskite 
structure substantiated the above reasoning in the case when the cation B has the 
electronic configuration of a noble gas. 

It may be assumed that with decrease in the dimensions of the oxygen ion, 
as evaluated from the distance B—0, its polarizability will decrease. This, as 
follows from comparison of the internal fields, increases the stability of the 
antiferroelectric state as compared with the ferroelectric state. This assump- 
tion helps explain why the antiferroelectric state in crystals with the perovskite 
structure appears when ¢<1, and also helps understand one of the reasons for the 
appearance upon increase of ¢ of a ferroelectric phase in solid solutions of the 
antiferroelectric materials PbZr03 and PboMgW0g. 

I desire to express my gratitude to G.A.Smolenskii for valuable discussions. 


Institute of Semiconductors, 
Academy of Sciences of the USSR 


*According to Goldschmidt et al8, ; 
ionic radii. 


7 Ry + Ro 
= (RRs where R,, Rz and R, are the 
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METHOD OF CALCULATING THE INTERNAL ELECTRIC FIELDS IN COMPLEX DIPOLE STRUCTURES 
AND APPLICATION OF THE METHOD TO CaTi0g 
- S.P.Solov'ev, Yu.N.Venevtsev, G.S.Zhdanov & V.V. Ivanova 


Introduction 


An important problem in the physics of crystals with special electric and 
magnetic properties, in particular ferro- and antiferroelectric crystals, is that 
of determining the internal fields at different points in the unit cell. Be number 
of authors!~9 have published calculations of the internal electric fields in some 
ferroelectric materials with the perovskite structure; generally these calculations 
have been based on specific models of the ferroelectric crystals. There have also 
been published$,19 the results of calculations of the internal field for simple 
antiparallel dipole configurations. In all these investigations the directions 
of the fields were assumed to be known, although this is actually not true in the 
case of more complex dipole configurations. 

At present we have no data on the distribution of internal fields in actual 
structures, although such data are of great interest in connection with the ferro- 
and antiferroelectric properties of compounds with such structures. In this re- 
port we give a general method for calculating the internal fields in complex struc- 
tures in which in general there may obtain both parallel and antiparallel displace- 
ments of the ions in arbitrary directions. We applied the method to calculating 
the fields in CaTi0g, 

Method 


The proposed method is a generalization of the method used for calculating 
the field in ABO. type ferroelectric crystals and takes into account the specific 
model structure of the compound under consideration. We assume that the crystal 
lattice of the compound consists of point charges (equivalent to the effective 
ionic charges) on which there are superposed point dipole moments of unknown mag- 
nitude and direction, induced by the internal fields. The values of the effective 
charges and the electronic polarizabilities @ of the ions are assumed to be known; 
we also assume that the charges and dipoles are situated in the displaced posi- 
tions of the atoms in the lattice. 

Under the above assumptions, the electric field at any point in the lattice 
may be described as the sum of the external field (which hereinafter we shall as- 
sume to be zero) and the fields produced by all the charges and all the dipoles 
forming an infinite lattice. Since the unit cells of many compounds, including 
antiferroelectric compounds, contain a rather large number of atoms, the number 
of unknowns will also be large. However, taking into account the symmetry of the 
lattice, the number of unknowns can be substantially reduced. 

Each space group is characterized by a certain assortment of general and 
special complexes, in each of which the atoms are equivalent and thus can be ob- 
tained as a result of "multiplication" of one atom by the symmetry elements. Hence 
it is sufficient to determine the field at any atom of each complex; and then one 
can attribute to the other atoms of the given complex a field of the same magnitude 
but directed in accord with the rules of symmetry. 

Thus if each unit cell contains m atoms grouped in n different complexes 
(n<m) and we use J; to denote the multiplicity of the /-th complex, we can write 
the following set of linear equations with 3n unknowns for the projections of the 
electronic dipole moments pj On the coordinate axes x, y and z: 
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Here v is the volume of a unit cell, 


a= { 0 for i+j 
a vt) for t=], 


and the /;; and hij with appropriate indices are structural sums, which are numeri- 
cally equal to the fields produced, respectively, by infinite simple lattices of 
unit charges and unit dipoles extending in the directions of the axes 7, y and 2. 


The problem of calculating the fields actually resolves into two independent 
problems, one of which is constructing and solving the set of equations, and the 
other is calculating the necessary structural sums. At present, thanks to the 
availability of high speed computers, the problem of solving a set of equations 
even with a large number of unknowns presents no particular difficulties. Then 
the computer can be programmed to compute the structural sums. In particular, 
all the sums / and A in Eqs.(1) can readily be calculated for lattices of any 
symmetry by the method of Ewaldll, 


Calculation of the internal field in CaTi0g 


According to the data of Kay & Bailyl2, CaTi03 at room temperature has a 

thombiec lattice with parameters a = 5.3670 + 0.0001 A, b = 7.6438 + 0.0001 A, 

and c = 5.4439 + 0.0001 A. The unit cell, pictured in the accompanying figure, 
contains 20 atoms (m= 20), but only 4 com- 
plexes: I - 4 Ca in position 4(c) II - 4 
Ti in position 4(a) III - 4 Oy in position 
4(c) and IV - 8 Oyz in position 8(d). The 
symmetry of position 4(a) isl, that of 
position 4(c) is m, and that of position 
8(d) is 1. The atomic displacements allow- 
© eq by symmetry are indicated in the figure 
@l py arrows and have the following values: 
© 0, 
O 0, {6x|ca=0; } 82 [ca = 0.030c = 0.16 A; 

| 8x]o, = 0.037 a = 0.20A; |z]o, = 0.018¢ = 010A; 
[8x |o,, = 0.0184 =0.10A; | 6y}o, = 0.026 b = 0.20 A; 


[8z]o,, =0.018¢ = 0.10 A. 


A distinctive feature of the structure 
of CaTi03 is that the Ti0g octahedra are 
virtually not distorted and only slightly 
Unit cell of CaTi0s. rotated relative to each other; the Ca ions 
are displaced antiparallel. 
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In view of the symmetry of the particular positions 4(a) and 4(c) the field 
acting on the Ti ions as well as the components of the field acting 18 the y | 
direction on the Ca and Oz ions are zero. Hence the five corresponding equations 
can be eliminated from the set (1), as a result of which the total number 3n of 
unknowns is reduced from 12 to 7. 

In view of the fact that the precise values of the polarizability and ef- 
fective charges of the ions in CaTi03 are not known, we carried out six parallel 
calculations using different reasonable values of the polarizabilities and charges. 
The structural sums / and h were calculated by the method of Ewald for the | eCuues 
rhombohedral CaTi03 lattice. The calculations were performed on a "Strela' com- 
puter in the Computing Center of Moscow State University. 


Results and Discussion 


The proposed method of calculating internal fields can be applied to any 
compounds, both with centrosymmetric and with noncentrosymmetric structure, in 
particular, to models of real ferroelectric structures. The computational diffi- 
culties are rather easily overcome by modern computational techniques and should 
be no obstacle to systematic calculation of the fields in various actual struc- 
tures. 

The results of calculation of the fields in CaTi03 indicate that the field 
distribution in this compound is weakly dependent on the polarizability of the 
Ca ions but is strongly dependent on the values of the effective ionic charges, 
to the extent of change of the sign of the fields acting on the oxygen ions, al- 
though generally the qualitative picture remains the same. The fields acting 
on the Ca ions vary very little. In all six cases analyzed the fields were found 
to be substantially smaller than in the case of ABO3 type ferroelectrics; more- 
over as follows from the symmetry of the structure, the field acting on the Ti 
ions is zero, whereas in the case of BaTi03 and PbTi0g fields of maximum strength 
act on the Ti ions®»9, 

The substantial difference between the field pattern in CaTi03 and that in 
related ABO3 type ferroelectrics is due to the fact that in the latter the BOg 
octahedra are strongly distorted, whereas in CaTi03 they are nearly ideal. One 
can also observe the correlation between the dielectric anomaly and the distor- 
tion of the BOg octahedra in the case of such AB03 type compounds as PoZr03, 
PbHf03 and NaNbO3. 

Analysis of the structures and dielectric properties of a number of ABO3 
type compounds with the perovskite structure makes it possible to explain the 
presence or absence in them of antiferroelectricity from the standpoint of "crump- 
ling of the structure, a consequence of distortion of the valence angles of the 
B—-O bonds occurring with decrease of temperature. It may be assumed that a neces- 
sary condition for an antiferroelectric phase transition is "crumpling" in the 
B—O direction. A sufficient condition, apparently, is a certain critical (for 
each compound) degree of such "crumpling" sufficient to cause distortion of the 
BOg octahedra and leading to displacement of the "squeezed" B ions. The stronger 
internal fields arising as a result of distortion of the octahedra will favor 
displacement of the B ions, and from the geometry of the BOg octahedra in the 

crumpled structure it follows that the displacements of the B ions must neces- 
sarily be antiparallel. 

I take this opportunity to thank N.P.Trifonov, staff member of the Moscow 


State University Computing Center, for solving the set of equations on the 
Strela computer. 


"L.Ya.Karpov" Physical-Chemical Institute 
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INVESTIGATION OF SOME FERROELECTRICS BY THE METHOD OF NUCLEAR MAGNETIC RESONANCE 
- A.G.Lundin, K.S.Aleksandrov, G.M.Mikhailov & S.P.Gabuda 


There are, in our opinion, two promising directions for investigation of fer- 
roelectrics by the nuclear magnetic resonance method: 

1. Study of the absorption spectra for different orientations of a single 
crystal in an external magnetic field. Such studies afford the possibility of 
determining, for crystals of known structure, the position of the hydrogen atoms 
in the lattice (see Ref.2, for example). If the structure is not known, the ori- 
entation of the proton-proton vectors and the separation between protons can be 
determined. The possibilities for research in this direction are discussed in 
Ref. 3. 

2. The study of polycrystalline specimens. This involves the experimental 
investigation of a single parameter: the second moment S§, of the absorption line 
and its change incident to phase transitions. 

The second moment of the absorption line, having the contour /(H — H,), 
where 1 is the external magnetic field, is defined by the following expression: 

oo co 
Sa= | (HH) /(H — Hy) dH] \ ¢(H — Hy) dH. 
—=€oO —oo 
The values of the second moment are generally measured with an accuracy approach- 
ing 5-10%. This quantity is a characteristic of the relative position and mobili- 
ty of the resonating nuclei in the crystal lattice and is determined by means of 
the Van Vleck* formula: 


6 2 7 pes 
Sa= s1(E+A)etuen— 2 rat 
I>k 


where / is the spin of the resonating nucleus, g is the splitting factor, p, is 
the nuclear magneton, NV is the total number of nuclei in the crystal, and 7r;, is 
the length of the vector joining nuclei 7 and k. 

Investigations in this direction were first carried out by Newman”, who fail- 
ed to find the expected change of the second moments with phase transitions in 


16 


1% 


$°C 
~20 a 2 40 ny 


Fig.1. Temperature d@pendence of the second moment of the absorption line in some 
ferroelectrics: 1) Rochelle salt; 2) tri-glycine sulfate; 3) potassium ferrocyan- 
ide. 
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the dihydrogen phosphates of potassium and ammoni- 


-74° um. Using the nuclear magnetic resonance method, 
Lésche® investigated Rochelle salt in the region 
of the upper Curie point and found a jump of the 
second moment from 15 to 19 oe. 

Recently, Blink? reported that he detected 
small variations in line width in the region of 
the phase transitions in the antiferroelectrics 
AgoH3I0, and (NH 4) 9H3I0,. 

We investigated polycrystalline samples of 


Rochelle salt, tri-glycine sulfate and potassium 


~20° ferrocyanide in the temperature region of the phase — 
transitions in these substances. To enhance the 
signal level, we compressed the samples, which had 
a volume of about 2 em3, at a pressure of ~100 
kg/cm2. The equipment employed is described in Ref. 
8. We obtained the following results. 

Rochelle salt KNaC4H40g°4H90. At +23°C (Fig. 

1, 1) the second moment undergoes a jump of 4 oe2, 
which agrees with the data of Lésche®. No change 

10° in the region of the lower Curie point was detected. 

The large magnitude of the second moment indi- 
cates that the protons of the water of hydration 
and the tartrate group are not in any intensive vi- 
brational-rotational motion. Analysis of the spec- 
tra also indicates that the variation of the second 
moment is not due to the protons bound in the water 
molecules. This variation can apparently be ex- 
plained by displacement of one of the protons of 
the tartrate group, which is consistent with neu- 
( tron diffraction data? for Rochelle salt. The in- 


H-H,),08 variance of the second moment in the region of the 
eS Sree TERT | lower Curie point suggests that phase transitions 
in Rochelle salt differ in character and that the 
Fig.2. Variation of the disappearance of spontaneous polarization at -18°C 
derivative of the proton is not connected with a significant change in the 
magnetic resonance line of mobility and position of the protons. 
potassium ferrocyanide in Tri-glycine sulfate (NH3CH2C00) 3°H2S0,. As 


the phase transition region. can be seen from curve 2 in Fig.1, the second moment 
remains constant at ~8 oe” in a wide temperature 
range. Structural investigations10 show that proton-proton separations in the 
NH3 and CHg groups are about 1.4 A, which should lead to a value of the second 
moment of the order 30-40 oe2 for a stationary structure. This means that the 
NH3 and CHa groups in the tri-glycine sulfate crystal at room temperature are in 
a state of intensive rotational motion. The type of mobility of these groups 
does not change incident to transition through the Curie point. Thus the experi- 
mental data are not inconsistent with the hypothesis advanced by Pepinskyl° to 
the effect that ferroelectric transition is due to a displacement along the hydro- 
gen bond of one of the protons not belonging to the rotating groups. The isolated 
condition of these groups leads to their contribution to the second moment being 
insignificant, so that no change in the moment with temperature is evinced. 
Potassium ferrocyanide K4Fe(CN) ¢° 3H 29. The ferroelectric phase eae oe 
in this substance at -22°C was discovered by Wakull in 1959. Investigations!+ 
show that potassium ferrocyanide contains separate water molecules. For station- 
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ary water molecules the second moment should be ~20 oe2, The spectrum of potas- 
sium ferrocyanide attains this width only at liquid oxygen temperature. The 

line width decreases with increasing temperature, which attests to the presence 
of vibrational-rotational motion of the water molecules. At -22°C there is still 
another jump of the second moment from 7 to 1.8 oe, which can be explained by 
the appearance of additional degrees of freedom of the water molecules. Fig.2 
shows the variation in shape of the derivative of the resonance line upon cooling 
through the Curie point. Curve 3 in Fig.1 illustrates the change of line width 
incident to the phase transition. 

It is interesting to note that Kobeko and Kurchatov13 postulated such be- 
havior of the water of hydration to explain the ferroelectric properties of Ro- 
chelle salt. Further investigations will show to what extent the ferroelectric 
properties of potassium ferrocyanide may be due to the influence of the H50 mole- 
cules. 


Institute of Physics, 
Siberian Branch of the 
Academy of Sciences of the USSR 
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X-RAY DIFFRACTION STUDIES OF SOME NEW FERROELECTRICS WITH LAMINAR STRUCTURE 
- I.G. Ismailzade 


Introduction 


Auriwillius! investigated the crystal structure of niobates and tantalates 
of the types ABigNb909, ABigTap0g (A = Ca, Sr, Pb or Ba), and of Bi,NbTi0g and 
Bi4Ti30,9. He showed that at room temperature the unit cells of CaBigNbo0g, 
CaBipTa909, BigNbTi0g and PbhBigNbo0, have rhombic symmetry and consist of Bios 
layers and a perovskite layer perpendicular to {oo1]. 

Recently Smolenskii and his co-workers? discovered that PbBiogNbo0g is a 
ferroelectric with Tp * 520°, Subsequent investigations?’ by these authors re- 
vealed ferroelectric properties in ABigNb90,, ABipTag0q (A = Ca, Sr, Ba), 
BigNbTi0g, Bi4Ti30,5 and PbBigTaj09. Thus there was discovered a new group of 
ferroelectrics of the oxygen octahedron type. 

The present work was devoted to investigation of the structure of poly- 
crystalline specimens of CaBiogNbo0g, CaBioTag0,, PbBigNbo0g and BigNbTi0g. 


Experimental Procedure 


Using Cu K& radiation, we recorded the x-ray diffraction patterns of our 
polycrystalline specimens by the photographic method (D ~ 143 mm, asymmetric 
positioning of the film) and the ionization method (on an URS-5OI diffractometer). 
The temperature dependence of the lattice parameters was investigated on the URS- 
50I with the aid of a simple attachment, designed in collaboration with V.1I.Tu- 
tushkin, which provided for heating the specimen up to 750°, The temperature was 


800°C 
O 
a 520° 
ee 510° 
=. 
* ‘ < 
B, 500° , 
169) 0 ° 
a 475 
z au? 
0. 00 20 300 40 500 600% 
Fig.2. Temperature dependence of 
j i, the lattice parameters of PbBigNbo0o. 
monitored by a chromel-alumel thermo- 
couple, the hot junction of which was 
’ 329' W' i ith the heated sur- 
on! an’ sp’ 66°Q0' 10' 20’ 30' W 50'20 in direct contact w 
oad face of the specimen. We kept track of 
Fig.l. Temperature dependence of the the variation in structure by recording 
positions of the 040,, and 400,,maxina the 040,,— 400a,, 137,,—317.,, 00,10 and 00,20 
for PbBigNb90o.- reflection maxima (the x-ray photons 


were counted for periods of 128 sec at 
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2-3' angular intervals). The values of the lattice parameters were then calcu- 

lated from the positions of the maxima. 

The temperature dependence of the 040,,—400,, maxima positions for PbBigNbo0g 

is shown in Fig.1. Similar results were obtained for the other three compounds. 
The temperature dependence of the lattice parameters of PbBigNbo09 is given 


in Fig.2; the corresponding data for CaBioNbo0 CaBioTa90, and Bi.NbTi 
i0g are 
listed in Table l. ain. nt : : 


Discussion 


The presence at room temperature of 040,,— 400,, and 137.,—317,, maxima showed 
that the structure of the investigated compounds is rhombic. With increasing 
temperature these maxima shift to the side of smaller angles and gradually con- 
verge. In the case of PhBigNbo0 9; for example, at 475° the 040, and 400,, maxima 
are well separated and distinct; at 500-510° they almost merge, and at 520° and 
higher there is evident only a single 400 reflection peak. Thus at 520° and 
above the symmetry is tetragonal. With increasing temperature, a increases more 
rapidly than b so that b/a decreases; c grows relatively slowly. Below the Curie 


point for all the investigated compounds there are observed the systematic ex- 
tinctions: 


hkl for h+k, k+l, l+h=2n-+1, 
hkO for htk=2n+1, 

hol for h+tl=2n-+1, 

Okl for k+1l=2n-+1, 

h0OO0 for h=2n+1, 

00l for l=2n-+1, 


corresponding to space groups D3. = Fmmm, D3 = F222 and C}i=Fmm2. Of these 
only Ci83=Fmm2 is polar. The presence of ferroelectricity in all four investi- 
gated compounds?»3 restricts the choice to Cp. 


In the paraelectric (tetragonal) phase one can choose a smaller unit cell 


ee oe b= = a. Then the systematic extinctions of the reflections with 
the above indices will correspond to space groups Dj = /42, Do4 = T4m2, Ci, = [4mm 
and Dii—J4/mmm. The first two groups are noncentrosymmetric and nonpolar, 
’> is polar and Di; is centrosymmetric and nonpolar. The most probable group 
is Di, =14/mmm. 
Thus in these compounds the change in lattice symmetry incident to the ferro- 
electric phase transition is described by cl (rhombic) <2 Dj, (tetragonal). Be- 


low the Curie temperature = 1, while above the Curie point 2 4; this indi- 


cates that the spontaneous polarization vector is in the (001) plane and probably 
in the [010] direction. In the last case the symmetry group may be Fm2m, inas- 
much as in (,, the polar direction is that of axis 2. 

In the unit cell of CaBigNbo909, CaBigTag0o, PbBigNbo0,q and BizBizyz (NbTi)09 
z= 4. If one disregards the insignificant jonic displacements responsible for 
the appearance of spontaneous polarization, in Cl, = Fm2m the ion coordinates 
will be the following: 


1 


Gia Nae f { 4 4 Pee: 
(000; p ais eis ¢ po, +-4Ca(Pb, Bir) in 4(a):00z2 with z=; 


9) ? 
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8 Bi (Bin) in 8(c): Oyz, Oyz with y= , z= 0,200; 


8Nb(Ta, Nb, Ti) in 8 (c): Oyz, 0yz with y= =, z = 0,422: 


407> in 4(a): 00z, z= 0; 


— 4 : 
802-in 8(c): Oyz, Oyz with y=>» ZO 100; 


; {4 chp Pogils 
2402 in three groups in positions SMO) Es aap Gren pales 2 with z= 7, 


Zi, = O079: 4}. = 0,079. 


In evaluating the structural parameters Zyw; Los=, Zyiand Zp,,we assumed the | 
following spacings: Nb°+—-02- = 2.02 A, Ti4*—02- = 2.02 A, and Bi3*—02- = 2.56 A. 

The unit cell of PbBigNbo0g is shown in Fig.3. The cell consists of a perov- 
skite layer (PbNb907), normal to [001] and lying between two Bi—0O layers parallel 
to it. In the perovskite layers the oxy- 
gen octahedra are joined at their verti- 
ces which is characteristic of ferroelec- 
trics of the oxygen octahedron type. The 
other investigated compounds have an ana- 
logous structure. In the perovskite lay- 
er of BiBio(NbTi) 09, i.e., in BigNbTi0g, 
the Nb and Ti ions are distributed in a 
statistically chaotic manner. 

We calculated the structure factor 
t, taking into account the coordination 
correction, and obtained: 


t= 0.94 0.94 
PbBigNbo09 BiBip(NbTi)0, 
1,02 1.00 


It will be evident that the geomet- 
ric condition (¢ = 0.94) for the first 
two compounds is unfavorable for the ap- 
pearance of ferroelectricity. Probably 
spontaneous polarization in these com- 
pounds is due partially to the covalent 
character of the Nb°t—02- and Tadt—o2- 
bonds. Possibly the appearance of spon- 
taneous polarization is also connected 
with the Bi—O layers. 

It will be evident from Table 1 and 
Fig.2 that the phase transition in the 

investigated compounds is realized with 
Fig. 3. Unit cell of rhombic PbBigNbo09. gradual variation of the unit cell volume 


v, i.e., the phase transition is a second 


U 
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order transition. This smooth varia- 
tion of v also apparently indicates 
that these compounds have a phase 
According transition region rather than a transi- 
to struc- tion point. This is substantiated by 
tural data the smearing out of the € peak in the 
temperature dependence of € observed 


Compound According 
to dielec- 


tric data 


575-650 for PbBigNbg0, by Smolenskii et al?. 
CaBioTa50 550-600 Owing to the high conductivity 
BiBig(NbTi)0g 600-650 


of CaBigNb909, CaBigTa,0g and BiBi, 


(NbTi)09 at high temperatures it proved 
impossible to determine the phase transition region in these compounds from the 


temperature dependence of the dielectric constant. In contrast, it proved feas- 
ible to determine this region from our structural data (Table 2). 
V.I.Khodzhaeva and M.Kh.Annagiev participated in the experimental part of 


this work. I desire to express my deep gratitude to G.A.Smolenskii for provid- 
ing the specimens and for valuable advice. 


Institute of Petrochemical Processes, 
Academy of Sciences of the Azerbaidzhan SSR 
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PREPARATION AND FERROELECTRIC PROPERTIES OF 
DEUTERATED TRI-GLYCINE SULFATE CRYSTALS 
- V.P.Konstantinova, I.M.Sil'vestrova, L.A.Shuvalov & V.A.Yurin 


Study of the properties of deuterated tri-glycine sulfate (DTGS) crystals is 
of theoretical as well as practical interest, first, from the standpoint of com- 
paring their properties with those of ordinary tri-glycine sulfate (TGS) and, 
second, in connection with the various applications envisaged for TGS crystals 
and the possibility of replacing them by DTGS crystals. 

We used the following procedure for preparing DTGS single crystals. Single 
crystals of ordinary TGS were dissolved in heavy water (D90). The solution was 
boiled for more complete deuteration and then large single crystals of DTGS weigh- 
ing up to 100 g were grown from the solution. The crystals were grown by lower- 
ing the temperature from 65° to 50°C. Measurement of the dielectric constant €99 
showed that the Curie temperature of crystals produced in this manner is 58.9°. 

We succeeded in obtaining a still higher Curie point (To = 60.1°C) by modifying 
the above procedure. In synthesizing DTGS in this case, we first recrystallized 
the starting glycine in heavy water. The synthesis itself was effected from solu- 
tions of glycine and sulfuric acid in heavy water. This deuteration technique had 
the effect of raising the Curie point some 10-11°.* 

In shape DTGS crystals are identical with TGS crystals. DTGS crystals do not 
differ in symmetry from TGS crystals, i.e., they belong to the monoclinic system. 
The bisector of the angle between the optical axes coincides with the polar } axis 
(Y axis). Hence it is impossible to observe the domain structure by polarized 
light. Consequently, to observe the domain structure in DTGS crystals we used 
the method of etching plates cut normal to the b axis. This method was used earli- 
er!s2 to observe domains in TGS crystals. 

Characteristic domain shapes in the (010) plane are ellipses, sometimes with 
pointed ends (Fig.1,a), sections of straight lines parallel to the (001) face (Fig. 
1,b) or an alternation of these shapes (Fig.1,c). The variation of domain walls 
under the influence of an electric field is considered in Ref.3. Here we can only 
point out that the twinned regions in DTGS crystals, as in TGS crystals, are bound- 
ed either by planes parallel to the (001) plane or by cylindrical surfaces. The 
major axis of the elliptical cross section of these cylinders through the (010) 
plane is parallel to the (001) plane. 

As indicated above, the polar direction in DTGS crystals is the Y axis, 
Therefore we felt that it would be of interest to investigate the temperature de- 
pendence of the dielectric constant €99 in this direction. The results of measure- 
ments carried out on an impedance bridge in weak electric fields are shown in Fig. 
2, from which it can be seen that the Curie point of DTGS, which lies at 58.9°C, 
is considerably higher than the Curie point of TGS, which varies, according to 
different authors, from 47° to 49,6° C. The temperature dependence of € also ex- 
hibits the hysteresis characteristic of ferroelectrics. Fig.2 clearly shows the 
increase of € in the region of the Curie point and the shift of the Curie point 
to the side of lower temperatures after the sample has been kept above the Curie 
point for some time (curve 2). Curves 3 and 4 were recorded while the sample was 
exposed to a de biasing field that caused the values of € to decrease in the re- 
gion of the Curie point and the point to shift to the side of higher temperatures. 

Fig.3 shows the variation of €22 with the applied alternating field, as the 
field was increased (1) and decreased (2). It will be seen that Eo5 attains its 
maximum value at EK, = 420 v/cm when the field is increased, and at E. = 240 v/em 


*The measurement results given below pertain to crystals with Tc = 58.9° 


a) 
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Fig.1. Shape of domains in DTGS crystal: a) elliptical walls, b) walls parallel to 
the (001) plane; c) mixed walls. Magnification 60 X. 


when the field is decreased. The nonlinearity of DIGS, which can be characterized 
by the ratio €nax/€init, amounts to 38 000/32 = 1200 for curve 1 and 37 000/38 = 
= 1000 for curve 2. For TGS crystals? these ratios equal 1300 and 1000, respect- 
ively, but the field strengths at which €y,, is attained (200 and 100 v/cm, re- 
spectively) are considerably lower (than for DTGS). 

Fig.4 shows the dc field dependence of €55 measured in a weak alternating 
field. We started measurements after preliminary protracted poling of the speci- 
men in a de field of 1200 v/em; the sequence of measurements is indicated by the 
numbers in Fig.4. 

Fig.5 shows curves characterizing the temperature dependences of the spontane- 
ous polarization Pg and coercive field Eg for DTGS crystals. The shape of these 
curves is analogous to that of the corresponding curves for TGS crystals?, from 


_ which DTGS crystals differ in having somewhat larger values of Pz and Eq. We sub- 


hy Wau 


te ae, 


J 


ee rere ee 


mit the following comparative data on Pg and Eg for TGS and DTGS crystals, deter- 
mined from the hysteresis loops at room temperature: 


Crystal Ps, ucoul/om Ea) v/eom 
TGS ae 2-2.6 150-400 
DTGS 2.8-3.0 500-800 


The hysteresis loops of DTGS,from which the values of Pg and Eg were deter- 
mined, differ little in shape from those of TGS. 

We studied polarization reversal of our DTGS crystals under periodic bipolar 
rectangular 10 microsecond pulses of uniform amplitude (cf.Ref.4). The maximum 
switching current ina, and the switching time Tax corresponding to ingy were 
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<+Fig.2. Temperature dependence 
of the dielectric constant 
€99 Of a DTGS crystal. Field 
strength 1.8 v/fem, frequency 
1 ke: 1 & 3) heating, 2 & 4) 
cooling; 3 & 4) in a de field 
of 2170 v/cm. 


4000 


<Fig.3. Alternating 
field dependence of 
€92 of a DTGS crys- 
tal at 42°C: 1) in- 
creasing voltage, 
2) decreasing volt- 
age; la & 2a) initi- 
al sections of the 
curves enlarged. 


400 600 800 1000 1200 400€, V/ cn: 
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determined from the 
of trace on an oscillo- 
: +—Fig.4. De bias- graph. 
ing field de- The specimens were 
pendence of €99 1 x 1 mm plates 0.15 
of DTGS; ac field to 0.25 mm thick cut 
1.8 v/em; tem- normal to the polar 
perature 36,.8°, axis of the crystal. 
After grinding and 
washing of the plates, 
we applied silver 
electrodes in the forn ' 
of crossed strips 
(< 0.5 mm wide) by 
vacuum evaporation. 
We chose this electrode 
size so that we could 
disregard the effect 
of heating of the spe- 
cimen incident to 
switching. 


-800 -600 -400 -200 0 200 400) = 600 800 E_, W/cm 


™Fig.5. Temperature 
dependence of the 
spontaneous polar- 
ization Ps (a) and 
coercive field E, (b) 
for DTGS crystals. 
Frequency 50 cps; 
specimen thickness 

0 20 40 60t°% 1 mm; electrode area 


b 1 cm2, 
ee Se 
1/T ax 10° see 
25 g 
2 Q 
Z 
6 
15 
‘ 5 
4 
, 
a LP 
i sails | ee 
ys 2 B 4 § Ekv/cm 1 2 3 4 5 Elev/em 


= i i different temperatures for 
_ Fig.6. Pulse field dependence of imgx/S and 1/Ty,x at 

DTGS crystals: 1) 9.09, 2) 11.0°, 3) 15.0°, 4) 20.39, 5) 30.30, 6) 45.0°, 7) 50.0°, 
8) 55.0°, 9) 57.0°, Specimen thickness 0.15 mm; f = 300 cps. 
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Our measurements showed that in DTGS crystals 
the characteristic dependences of polarization re~ 
versal on temperature, field, frequency, and other 
variables are qualitatively similar to the same 
aan dependences for TGS crystals. The deviations of 
experimental data from the simplest theoretical 
15 scheme®»’ that are observed in TGS crystals (asym- 

J metry of currents and switching time under non- 
equispaced pulases, sharp increase of the threshold 
field for reversal by single pulses, etc. - see Refg 
4, 5 and 8) also occurs in DTGS crystals. 
Fig.6 shows typical i,,,/S = f (E) (S is the 
oe electrode area; E is the pulse field) and 1/Ty4, = 
tu st BS = f(E) curves recorded at different temperatures 
(we note that the upper parts of the curves often 
deviate from a straight line). Fig.7 shows the 
temperature dependence of the mobility uw calculated 
Fig.7. Temperature depend- by the formula 


: ! —— 
[il Ale st} EP GD DEG 


ence of wall mobility for a 
DTGS crystals at pulse re- Seamer gr eS 
petition rate of 300 cps. Tmax (E - Eq) 


where d is the plate thickness and Ey is the activation field. In accord with the 
character of the temperature dependence of wu, the rate of increase of inax> 1/Tman 
and reversal conductivity rises with approach to the Curie point; at the same time 
the activation field falls off. Unlike TGS crystals, however, DIGS crystals ex- 
hibit a strong temperature dependence of imax and Us a ee only above 40°C, while 

at room temperatures the dependence is relatively weak, which is quite natural 
considering the difference in Curie points. 

Comparison of the pulse polarization reversal characteristics of TGS and DIGS 
crystals, for example, at t = 20°C and a pulse repetition rate of 300 pps, shows 
that in conformity with the greater elastance of DTGS crystals, their activation 
field Eq is ~1.5 times higher than that of TGS crystals and their mobility ~2 time 
lower; their polarization reversal conductivity 0,, in spite of a greater value of 
P,, also is ~1.5 times lower. If we assume that 4. does not depend on the thicknes 
in either case (or depends on it proportionally) , it follows that, inasmuch as Eq 
is higher for DTGS than for TGS and yw. is lower, the values of imax and 1/Tmax are 
always higher for TGS plates at any field strength than for DTGS plates of the 
same thickness and in the same field. It is obvious, however, that using thinner 
plates of DTGS than TGS, it is possible to obtain the same values of imax and 
i/Tmax at a given temperature for the same pulse voltage, 

If therefore we take into consideration that DTGS crystals have a wider use- 
ful temperature range than TGS crystals and that the temperature dependence of 
their characteristics in the region of room temperatures is substantially weaker, 
we conclude that in spite of their higher elastivity DTGS crystals can be employed 
in the same cases as TGS crystals. 

We desire to thank I.S.Zheludev for valuable discussions and E,M.Akulenok, 
K.A.Pluzhnikov and L.N.Kurkovska for help in carrying out the experiments. 
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ON THE FERROELECTRIC PROPERTIES OF NaNOo 
- A.S.Sonin, I.S.Zheludev & G,.F.Dobrzhanskii 


For some years two of the present authors have been developing a principle 
to aid in the search for new ferroelectrics, based on the changes of symmetry in- 
cident to phase transitions associated with the appearance of spontaneous polar- 
ization. The regularity in the variation of point symmetry with ferroelectric 
phase transitions that one of the authors discovered in collaboration with Shuva- 
lovl,2, has made it possible to formulate a crystallophysical* criterion for seek- 
ing new ferroelectrics3; this can be summarized as follows: a dielectric may have 
ferroelectric properties if its point symmetry group below the phase transition 
temperature is a higher subgroup of the point symmetry group above the phase tran- 
sition temperature and the oo-m symmetry group describing spontaneous polariza- 
tion. Ref.3 lists six inorganic compounds whose changes comply with the crystallo- 
physical criterion; in other words, these compounds (RbNO3, CsNO3, NaNOg, AgCN, 
CuoS and Mg3B 70, 3C1) are potential ferroelectrics. 

To refine the principle formulated to aid in the search for new ferroelec- 
trics, we investigated the change in space symmetry with ferroelectric phase tran- 
sitions. It turned out that the variation of space symmetry associated with the 
appearance of spontaneous polarization, also complies strictly with certain regu- 
larities4. This has afforded the possibility of refining the crystallophysical 
criterion and selecting further compounds that may have ferroelectric properties. 

The refined crystallophysical criterion can be formulated as follows: a di- 
electric will in all probability have ferroelectric properties if its space sym- 
metry below the phase transition temperature is generally a higher subgroup of 
the space symmetry group above the phase transition temperature and the (co-m)T 
Symmetry group describing the vector field of the spontaneous polarization. Wheth- 
er this criterion is not only necessary but also sufficient remains an open ques- 
tion for the time being. This question can only be answered after more experi- 
mental work has been done on compounds with the indicated symmetry changes. The 
crystallophysical criterion has, however, already made it possible to reduce the 
number of compounds in which it is reasonable to look for ferroelectric proper- 
ties. Thus, in only two of the above mentioned six substances (namely, AgCN and 
NaNOg) do the actually established changes in space symmetry with phase transi- 
tions allow the presence of spontaneous polarization below the phase transition 
temperature. 

Silver cyanide undergoes a polymorphous transition at ~190°. Below the phase 
transition temperature AgCN crystallizes in space group C3}, = R3m (point group 
3-min Shubnikov's system of designations); above this temperature it crystallizes 
in space group O; = Fm3m (point group 6/4)5,6, Such a change of symmetry inci- 
dent to the phase transition can occur if spontaneous polarization in the (112) 
direction appears in the initial high-temperature cubic phase of AgCN. The elec- 
trical properties of this compound will be studied in the near future. 

Sodium nitrite also has a phase transition at ~160°,7 Below the phase trans- 
ition temperature NaNO» belongs to space group Cy = Imm (point group 2-m) with 
lattice parameters G= 3,55 k, b = 5.38 A, and c= 5.56 R and has two formula 
es per unit cell. Above the phase transition temperature the space group is 
D3, =Immm (point group m-2:m) with cell parameters a= 3.69 A, b= 5.68 A, and 
c = 5.33 A at 2059.7 This symmetry change is compatible with the appearance of 


spontaneous polarization in the initial high-temperature phase in the 001} direc- 
tion. 


*In Ref.3 this criterion was unfortunately termed "crystallographic". 
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: The other four substances, while they meet the crystallophysical criterion 
as regards their point symmetry groups, in fact evince a change of space symmetry 


that does not comply with the refined crystallophysical criterion. The nitrates 


of rubidium and cesium at ~164° undergo polymorphous transitions from space group 


eeecn vam (point group 6/4 to space group C3, = H3m (point group 3-m). If spon- 
aneous polarization in the [111] direction appeared in the high-temperature phases 
of these compounds (only in this case will the transition be to 3-m) the space sym- 
metry groups of the low-temperature phases would be Co Reis Consequently, the 
phase transitions in rubidium and cesium nitrate cannot be ferroelectric. 

Nor can we, by the same token, regard the changes of symmetry of CuoS and 
Mg3B7013Cl as being due to the appearance of spontaneous polarization. At 103° 
CugS undergoes a polymorphous transition with a change of space symmetry from 
Dgn = C6/mmce (point group m-6:m) to space group Cli = Abm (point group 2-m).® 
But a phase transition with the appearance of spontaneous polarization in the 1130 
direction (only in this case the point group would be 2-m) should lead to space 
group C3i= Ama .* MgsB7013Cl at 265° changes from space group 7%, — F43c (point 
group 3/4) to space group Coy = Pca (point group 2.m).4 But the appearance of spon- 
taneous polarization in the [100] direction should lead to space group C2} = Iba.4 
We investigated the electrical properties of rubidium nitrate and boracite and, 
in accordance with what was said above, they showed no evidence of ferroelectricity. 

Early in 1958 I.V.Garvilova at our request grew single crystals of sodium ni- 
trite from solution. These single crystals, however, had very high conductivity 
and proved unsuitable for dielectric measurements. In 1958 Sawada? and his col- 
laborators, independently of us, discovered ferroelectricity in NaNOog crystals 
grown from a melt. 

The sodium nitrite crystals that we used in the measurements described below 
were grown from a melt by a variant of the Obreimov-Shubnikov technique.10 The 
raw material for the crystallization was chemically pure grade sodium nitrite with 
Tnelt = 271°. The crystals were grown in cylindrical glass ampoules 16 mm in dia- 
meter with a 45° conical bottom. To reduce the adhesion we coated the inner sur- 
face of the ampoule with a thin layer of aquadag and dried it carefully. To make 


* efficient use of the volume of the ampoule, the substance was introduced into it 


not in the form of a powder but in the form of a compressed (800 kg/em2 pressure) 
plug fitting the ampoule. Before the start of crystallization, the furnace was 
heated to 10-15° above the melting point of sodium nitrite. The loaded and sealed 
ampoule was suspended at the end of the feed cable and initially positioned in the 
furnace so that the lower part of the ampoule was 3-5 mm above the crystallization 
zone. The ampoule was lowered into the furnace at the rate of 2 mm per hour. The 
crystal was annealed in the same furnace while slowly lowering the temperature. 


é 
74 


= q x 
20 60 100 140 601,°C Eo hd 120 200 tC 
Fig.1.Temperature dependence of the Fig.2. Temperature dependence of the di- 


dielectric constant €, of NaNOpo. electric constants €, and & Of NaNOo. 
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The single crystals had the shape 
of the ampoule. They were 40-50 
mm long, 16 mm in diameter, and 


slightly yellowish in color. 
eS They cleaved readily along the 
(101) planes. The orientation 


ono 47? 760° 162° 164° 165° of the cleaved chips was deter- 
; mined from Laue diffraction 
Fig.3. Shape of NaNOo hysteresis loops. patterns. 


Unlike the authors of Ref. 
3, we mounted the crystal in accordance with international practice: the c axis 
along a second order axis of the crystal and the dimension along the b axis was 
greater than along the «4 axis. 

Silver electrodes were applied to the NaNOg plates by vacuum evaporation. 
Measurements in the range from room temperature to 100° were carried out in a Vob-— 
zer thermostat with water and in the range from 100° C to 200° in a thermostat 
with silicone liquid No.5. The values of the dielectric constant were measured 
at a frequency of 500 kc. Figs.1 and 2 show the temperature dependence of the di- 
electric constants along the three crystallographic axes. It will be seen that 
the dielectric constant along the ferroelectric c axis has a very pronounced peak 
rising to ~600 at the phase transition temperature (165°). The dielectric con- 
stants along the a and b axes also have noticeable peaks, the maximum values being 
~13 and ~7, respectively. 

The dielectric hysteresis loops were investigated at 50 cps with the aid of 
a circuit that provided for compensation of the conduction.11 In the range from 
room temperature to 120° no hysteresis loops are observed even at a field strength 
of 10 kv/cem, above which breakdown occurs. From 120° to 147°C "unsaturated" hys- 
teresis loops are observed. The form of the loop at 165° (shown in Fig.3) testi- 
fies to the high conductivity of the crystal. The spontaneous polarization and 
coercive field were calculated from the hysteresis loops. 

The temperature dependences 
of Pg and Eg are shown in Figs. 
4 and 5. At 147° the spontane- 
ous polarization is equal to 2 
| | ucoul/em2, and the coercive 
| field is equal to 7 kv/fcm. The 
ig form of the hysteresis loop as 

| well as the temperature depend- 
7} ence of the coercive field tes- 
tifies to the high elastivity 
of NaNOp in the range from room 
temperature to 147°; the spon- 
taneous polarization and coer- 
12 Pr = TaD FC cive field fall off sharply as 
the Curie point is approached. 
Fig.5. Temperature de- The samples used in our measure- 


Hy kv /em 
7 Pq, lcoul/om® 


20 


i4 


45 155 65 tC 


Fig.4. Temperature de- pendence of the spon- ments had a smaller value of P, 
pendence of the coer- taneous polarization and greater value of E, than 
cive field in NaNOo, in NaNO». those reported by Sawada?. This 


is explained by the difference 
in crystal growing conditions and also the high hygroscopicity of sodium nitrite. 
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: We thank V.I.Pakhomov and G.M.Lobanova for orienting the samples, I.Fenina 


for help in the experiments, and L.A.Shuvalov and I.S.Rez for discussing the re- 
sults. 
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CONCERNING LIGHT DETECTORS UTILIZING THE PYROELECTRIC EFFECT 
- IL.M.Sil'vestrova 


As has been reported by a number of authors!~-3,one can utilize the pyroelec- 
tric effect to realize detectors for radiation in the visible and infrared regions. 
We investigated the possibility of using tri-glycine sulfate crystals as light de- 
tectors. As was shown by Chynowethl,, in working with pyroelectric crystals, one 
can observe the voltage either across the crystal or across a resistor connected 
in series with the illuminated crystal. The pyroelectric current is given by the 
following formula 

dP aT 

ar tae UTS | 
where P is the polarization of the specimen, ~ = dP/dTis the pyroelectric constant 
of the specimen and d7/dt is the rate of change of the specimen temperature. 

Inasmuch as ferroelectric crystals are characterized by a high value of the 
pyroelectric constant, on the one hand, and exhibit a relatively strong dependence 
of the polarization on the temperature and applied dc field, on the other hand, in 
attempting to realize a light detector it is of interest to investigate the varia- 
tion of the pyroelectric voltage as a function of all these parameters. For the 
purposes of our investigation we used the simple method of orienting the crystal 
relative to the incident light shown in Fig.l. 

The crystal plates were cut perpendicular to the 
Ri eetrodes polar axis and measured 6 x 3.5 x 1.5 and 6 x 3 x 1 mn, 
\ The electrodes, applied to two opposite faces of the 
ie Light plate, were made of silver foil. The light source was 
o> a 6 v, 30 watt incandescent bulb mounted on the optical 
bench at a distance of 1 meter from the crystal. The 
image of the filament was first focused (glass optics) 
Fig.1. Orientation of the on the circular apertures in the rotating disk; the 
crystal relative to the spacing between the holes was equal to their diameter. 
incident light. The interrupted light beam was then focused on the 
crystal. The pulse frequency could be varied from 200 


SE eee 


to 5000 pulses/sec. 

The electric circuit used in our experiments is shown in Fig.2. The voltage 
from the crystal plate was applied to the input of the amplifier. The amplifier 
circuit was designed to amplify the electric signal without significantly ampli- 
fying the noise from the crystal. The use of negative feedback largely compensated 
the influence of the long leads. This made it feasible to locate the crystal at a 
considerable distance from the amplifier, that is, this enabled us to mount the 
crystal in a thermostat and to carry out measurements with strong polarizing fields 
applied to the crystal. The noise level at the input to the 28IM vacuum-tube volt- 
meter did not exceed 15-10-6 y, The pyroelectric voltages were read directly off 
the 28IM meter. 

The results of measurement of the temperature dependence of the pyroelectric 
voltage are shown in Fig.3 (these measurements and those described below were car- 
ried out at a light pulse frequency of 1720 pulses/sec). It will be evident that 
the sensitivity of the detector rises substantially in the neighborhood of 40° 
and then falls off beginning with a temperature of 46-47°. In the course of these 
experiments the specimen was always in a polarized state, i.e., a de field of 6000 
v/cm was applied to the crystal during the measurements. If the crystal is pre- 
polarized, but no dc field is applied during the time of measurement, the sensi- 
tivity beings to fall off at 45.5° and drops to zero at 48.5°, if, however a dc 


roche ra applied at this point, the sensitivity increases with increasing field 
strength. 
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To 28IM 
voltmeter 


Fig.2. Electric circuit of the experimental set-up. 
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Fig.3. Variation of the 
pyroelectric voltage at 
the amplifier input with 
temperature. 


The results of investigation of the influence 
of a dc field on the pyroelectric voltage at a 
number of different temperatures are shown in Fig. 
4. The influence of a prepolarizing de field on 
the pyroelectric voltage with the crystal at 20° 
is shown in Fig.5, from which it will be evident 
that the field dependence of the pyroelectric 
voltage exhibits hysteresis. The coercive field 
in the specimen, evaluated on the basis of these 
measurements, is 400 v/cem, which is in good agree- 
ment with the data of Savage & Miller. 

On the basis of the experimental data it may 
be concluded that it is most expedient to use tri- 
glycine sulfate crystals as radiation detectors in 
the 40 to 45.5° temperature range, inasmuch as in 
this region the sensitivity is 2.5-2.7 times higher 
than the sensitivity at room temperature. Inasmuch 
as in this temperature region tri-glycine sulfate 
has a relatively high dielectric constant, this al- 
so simplifies the matter of matching the detector 
with the amplifier. If it is necessary to work in 
the temperature region close to 50°, a strong polar- 
izing field should be applied to the crystal. Short 


term application of a field of opposite polarity of up to 180-200 v/cm does not 
significantly reduce the sensitivity of the detector. 

I desire to express my gratitude to Yu.N.Sil'vestrov for supplying the ampli- 
fier circuit and V.P.Konstantinova for furnishing the crystal specimens. 
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Fig.4. Variation of the pyroelectric voltage with the de field at different tem- 
peratures. 
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Fig.5. Variation of the pyroelectric voltage with the prepolarizing dc field at 
room temperature. 
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DAMPING OF THE OSCILLATIONS OF PIEZOELECTRIC RESONATORS EMPLOYING 
FERROELECTRIC SINGLE CRYSTALS 


- L.A.Shuvalov & Yu.S.Likhacheva 


Introduction 


It is well known that attenuation of mechanical oscillations and sound waves 
in ferromagnets is anomalously large as compared with attenuation in other metals, 
has a maximum at the Curie point and is strongly dependent on the magnetic field 
applied to the specimen. These anomalies have been studied in detail and are ex- 
plained mainly by the effect of reorientation of the ferromagnetic domains (see, 
for example, Bozorth). 

The attenuation of mechanical oscillations and sound waves in ferroelectric 
materials is also characterized by similar anomalies. Among the few investigations 
in this field one can cite the work of Price2 and the series of studies by Yakovlev 
and his co-workers3-5 on attenuation of ultrasonic waves in Rochelle salt, the work 
of TakuroS and Hueter & Neuhaus?’ on ultrasonic absorption and internal friction in 
barium titanate ceramics, and the work of Matthias® who investigated attenuation 
in piezoelectric resonators of Rochelle salt. 

Although there can be no doubt regarding the ferroelectric nature of the damp- 
ing anomalies in ferroelectrics, there are discrepancies in different attempts to 
explain them, particularly as regards the role of domain processes, while the ex- 
perimental data available to check theory are so far scanty. Hence additional ex- 
perimental investigations are highly desirable. Moreover, investigation of attenu- 
ation, primarily in the case of single crystals, may be a fruitful method of in- 
vestigating some of the fundamental manifestations of ferroelectricity, in parti- 
cular, the domain structure and the influence on it of impurities, irradiation, 
aging and other factors, as well as the role of dislocations in the mechanism of 
domain reorientation. In addition, such investigations may be of practical in- 
terest from the standpoint of development of filters and acoustic systems. 

Below we describe the results of some experiments on attenuation in piezo- 
electric resonators of Rochelle salt, both ordinary and y-irradiated and also in 
piezoelectric resonators of tri-glycine sulfate. 


1. Measurement Procedure 


For investigating attenuation in piezoelectric resonators of ferroelectric 
single crystals we chose the procedure based on direct measurement of the damping 
of the natural mechanical oscillations of the resonator, inasmuch as this proce- 
dure has a number of advantages over other techniques. 

A block diagram of the experimental set-up is shown in Fig.1. The tempera- 
ture of the specimen was controlled thermostatically and there were applied to it 
pulses with a duty frequency equal to the frequency of the series resonance of 
the specimen. The frequency was measured by comparison with the frequency of a 
high precision oscillator by observing the Lissajous figures. The frequency of 
the series resonance was assumed to be the natural frequency of the resonator (we 
disregarded the minor error involved in this assumption). The onset of resonance 
was observed on the screen of the I0-4 oscillograph to which the specimen was con- 
nected via a low value resistor (Rg ~ 30 ohm) and amplifier. In the intervals be- 
tween pulses there occurred free attenuation of the mechanical oscillations. As 
a result there appeared a stationary pattern on the oscillograph screen (Fig. 2) ; 
from photographs of this pattern (or visually) we determined the logarithmic at- 
tenuation decrement 5 taking into account the time markers and the natural fre- 
quency of the resonator. When desired a de biasing field E_ (monitored by a 
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voltmeter) could be applied to the 
specimen through the capacitor Cj. 
Owing to the fact that ferroelectric 
materials may have an appreciable AE 
effect (Ej dependence of the elasti- 
city), it was necessary to re-estab- 
lish the resonance frequency for 
each value of E.. 

Inasmuch as a resonator is an 
electromechanical transducer, its 
attenuation (particularly in the case 
of ferroelectrics) depends on the 
conditions on the electric side. In 
Fig.1. Block diagram of set-up for measur- order to obtain conditions close to 
ing attenuation in piezoelectric resonators. those for short circuited operation, 
the total resistance in the resonator 
circuit Rj + Ro was made small com- 
pared with the minimum equivalent 
resistance of the resonator. More- 
over we determined the variation of 
5 with Ry + Ro; extrapolation of the 
curve to Rj + Rg = O showed that the 
fact that Rj + Ro has a finite value 
produces only a small change in the 
value of 8 (~3%). 

Strictly speaking, for a ferro- 
electric piezoelectric resonator* 
one can give the values of the reson- 
ance (or natural) frequency, the 
Fig.2. Typical attenuation pattern observed elasticity modulus and other para- 
on oscillograph screen (pattern obtained for meters not in general but only for 
45° X cut Rochelle salt crystal with Ej = 0 a given oscillation amplitude inas- 
and t = 36.89; § = 0.0059. much as at large amplitudes there be- 

comes evident, particularly near the 
Curie point, nonlinearity of its elastic properties, which leads, as was noted 
earlier by one of the authors of Ref.9, to tilting of the resonance curve and the 
appearance on it of hysteresis amplitude jumps and, consequently, to ambiguity 
(multiple values) of the resonance frequency.** Moreover, it must be borne in 
mind that at high oscillations amplitudes there occurs significant nonuniform 
heating of the resonator; the presence of a temperature gradient (and, consequent- 
ly, an elasticity gradient, which becomes very steep near the Curie point) also 
introduces a degree of nonlinearity and complicates the situation further. In 
order to be able to neglect these effects, which become significant in the in- 

*Here and below we use the term "ferroelectric piezoelectric resonator" in 
order to emphasize the diverse specific properties of piezoelectric resonators 
employing a ferroelectric crystal, the vibrations of which are connected with a 

ferroelectric" (anomalous) elasticity constant. It is obvious that not every 
piezoelectric resonator with a ferroelectric crystal will be a ferroelectric 
piezoelectric resonator in this sense. 
**The existence in a ferroelectric resonator of two stable amplitudes at one 
and the same frequency can in principle be utilized for realizing bistable ele- 
ments for logic and other switching circuits. 
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vestigated 45° X-cut specimens of Rochelle salt at exciting field values of the 
order of 10-30 v/cm (the difference between the on and off resonance frequencies 
attains several hundred cps), and be able to regard the resonator as linear in the 
_ experiments,the amplitude of the exciting field was not allowed to exceed 0.5 v/cn. 
Direct determination of the oscillation amplitude of the resonator is diffi- 

cult; hence the measurements were carried out not at a constant oscillation ampli- 
tude A (which would be more desirable in view of the dependence of the damping on 
the oscillation amplitude) but at a constant amplitude of the current through the 
resonator, i.e., with Vpr,=const. The oscillation amplitude of the resonator with 
E~ = O did not remain constant with change in temperature but decreased upon ap- 
proach to the Curie point owing to growth of the piezoelectric coefficient Cij. 
Inasmuch as at the chosen values of Vp,, 08/dA>0, normalization of the experiment- 
al conditions led in general to some smoothing out of the maximum in the 8 = f (t) 
curve (t is the temperature). Owing to a maximum of the piezoelectric coefficient 
d;; at the Curie point, normalization of the experimental conditions when Vr, is 
kept constant (these were the conditions of Matthias' experiments’) leads to the 
opposite result. As control experiments showed, the difference between the values 
of 5 in zero dc biasing field for the two different normalizations even at the 
Curie point does not exceed ~15%. At large values of Ej the difference between 
the temperature dependences should be even smaller. 

In order to be able to neglect the error due to deviation of the actual at- 
tenuation curve from an exponential onel0, the number of oscillation periods taken 
for determining 5 was large (from 10 to 300 depending on the magnitude of 6). 


2. Specimens 


The specimens in the form of rectangular bars (approximate dimension 20 x 4 
x 2 mm) were cut from single crystals grown by the usual technique. Silver elec- 
trodes (tinsel or sputtered) were applied to the main (largest) faces. 

The specimens were mounted either on rigid leads attached by conducting ce- 
ment to the centers of the main faces or they were clamped between weak spring 
knife contacts along the nodal line. Control measurements showed that the form 
of mounting and method of applying the electrodes had no significant influence on 
the value of 5. The mounted specimens were placed in the envelope of a bantam 
type tube, the opening of which was then capped. 


3. Experimental Results 


The results of measurements of 6 = f(t) with Ej = const and § = f (E.) with 
t = const on 45° x, 45° Y and 45° Z cut Rochelle salt specimens are shown in Figs. 
3 and 4. 

It will be evident from Fig.3, first, that for 45° X cut bars at BE. = 0 in 
the ferroelectric region far from the Curie point 5 is 2-3 times higher than for 
45° Y and 45° Z cut bars. Second, for 45° X cut bars at E= = 0, 5 depends strong- 
ly on the temperature and at the Curie point* has a sharp peak, while in the case 
of 45° Y and 45° Z cut bars 5 is virtually independent and does not peak near the 
Curie point. Above the Curie point 5 in 45° X cut bars falls off rapidly and be- 
ginning with 35-379 becomes weakly temperature dependent, the value of 8S remain- 
ing one order of magnitude higher than for 45° Y and 45° Z cut bars. The 6 vs t 
curve for a 45° X cut specimen in zero biasing field plotted on the basis of the 

*As preliminary measurements showed, all the singularities in the behavior 
of 5 in the region of the upper Curie point also obtain in the region of the low- 
er Curie point. 
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Fig.3. Variation of 8 with Fig.4. Variation of § with Ej for 45° X cut 
temperature for 45° X cut bar bars at different temperatures (1-4) and 45° 
with E. = 0 (1) and E- = 2000 Y and 45° Z (6) cut specimens of Rochelle 
v/om (2), 45° Y cut (3) and salt. Only the parts corresponding to de- 
45° Z cut (4) Rochelle salt crease of E. are shown for curves 1-4, 
crystal. 


data of Matthias® is very close to our curve, except that the maximum at the Curie 
point is broader and higher. 

The influence of a dc biasing field on § differs for 45° X cut as compared 
with 45° Y and Z cut bars. Whereas in the case of the latter, 5 does not depend 
on E., in the case of 45° X cuts in the ferroelectric region near it, 5 depends 
strongly and in a rather complicated manner on E. (Fig.4). With increase of EL 
S at first increases, then after passing through a maximum falls off, at first 
rapidly and then more Slowly, leveling off at Ej = 1200-1500 v/em. The influence 
of E. on § is most pronounced in the region of the Curie point; it is weaker else- 
where but still evident to some 10° beyond the ferroelectric region. The point 
of maximum 5 on the § = (E.) curve with increase in temperature and approach to 
the Curie point is shifted to the left, and beginning with approximately the Curie 
temperature is centered at E_= 0. 

The temperature dependence of § in 45° X cut bars in the range of large EW 
is smoothed out (curve 2 in Fig.3); however, the maximum, although appreciably 
lower, persists (since the Curie point upon application of a biasing field is 
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Fig.5. "Butterfly" hysteresis loop 

characterizing the variation of § 

with E= for a 45° X cut Rochelle salt 

bar at t = 17.0°. The successive 

variations of E._ are indicated by the 
arrows. 


shifted to the right, the peak of curve 

2 in Fig.3 lies to the right of the peak 
in curve 1). This curve is very close to 
the corresponding curve plotted on the 
basis of Matthias' data, but lies some- 
what higher. 

The attenuation of 45° X cut reson- 
ators at temperatures below the Curie 
point in the region of dc biasing fields 
that strongly affect & proved to be a non- 
unique function of E_, the form of which 
depends on the previous variation of E_. 

As is shown in Fig.5, with initial in- 
crease of E., 8 goes through a relatively 
low flat maximum, while with reverse varia- 
tion (decrease) of E_, the 5 = f(E=) curve 
lies lower, while the maximum of 6 is shift- 
ed into the region of fields of opposite 
(negative) sign and becomes higher and 
sharper, i.e., coincides with the maximum 
of @S/dE.. The 8 peak in the second half~ 
cycle of the variation of E. also becomes 
high and sharp so that there is obtained 
the characteristic, approximately symmetri- 
cal hysteresis curve: a butterfly type 
curve with the two branches intersecting 

at Ej +0. Subsequent cycles of E~ do not 
produce any significant change in the shape 
of the curve or any noticeable 
shift of 5,,, relative to the 

E. axis. 

In further experiments we 
found that if the ferroelectric 
resonator of Rochelle salt is 
subjected to intense 7~-irradia- 
tion there results a significant 
decrease of 5 for E, = 0, a weak- 
ening of its dependence on tem- 
perature and a marked change in 
the character of the § = f (2) 
curve (Fig.6). With increase 
of the y-radiation dose, together 
with the general decrease of 5, 
the maxima in the 5 = f @) curve 


<Fig.6. Variation of 5 with E. for 
resonators of X cut Rochelle salt 
subjected to different doses of 
y-radiation (1 & 2 - 3°105 r; 
3 - 11-105 r). The successive 
variation of the biasing field is 
shown by the arrows. Curve 1 is 
plotted only for increase of E-; 
curve 2 for a complete cycle of 

variation of E._. 
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become lower and shift away from the E_ = 0 
axis. After a dose of the order of 106 r the 
maxima virtually disappear and 5 becomes al- 
most independent of E.,* 

Preliminary investigations of ferroelec- 
tric resonators of tri-glycine sulfate (TGS) 
showed that Y cut bars of TGS in the ferro- 
electric region are characterized by substan- 
tially smaller attenuation than 45° X cut bars 
of Rochelle salt; the E_ dependence of 5 for 
them is also substantially weaker (Fig.7). 

The temperature dependence of 5 at Ej = O for 
Y cut TGS bars has an even sharper maximum in 
the region of the Curie point; this peak with 
decreasing temperature is shifted to the left 
relative to its position on the rising tem- 
perature curve. The application of stronger 
biasing fields lowers this maximum but does 
not suppress it entirely. 


4. Discussion 


The experimental results can be explain- 
ed by taking into account the role of domain 


30 49 50 t,t structure and its behavior in the investigated 
crystals. 
Fig.7. Variation of 5 with tem- Among 45° cut Rochelle salt resonators 
perature for Y cut bars of tri- operating in the compression-elongation in 


glycine sulfate with the long side length mode only resonators of 45° X cut bars 
parallel to the Z axis: 1) E. = 0, are ferroelectric resonators (see first foot- 
2) E. = 300 v/cm. note), inasmuch as the anomalous constant S44 
enters into their effective elastic constant 
and their oscillations can be accompanied by periodic hysteresis reorientation of 
the domains (this also applies to X cut plates oscillating in the circuit mode). 
Hence only for these resonators are there evinced anomalies in the temperature and 
E.= dependences of 8; for these resonators the values of 8 at E. = O in the ferro- 
electric region are very large. Also ferroelectric as we understand the term are 
the investigated TGS resonators in the form of bars with the largest face perpen- 
dicular to the polar Y axis. 
The strong temperature dependence of 8 and the sharp peak of 8 in the region 
of the Curie point with E_ = 0 exhibited by ferroelectric resonators (Figs.3 & 7) 
can be explained by the strong dependence of the domain mobility on the temperature 
and the tendency of the mobility to become infinite with approach to the Curie 
point. This also explains why Smax and the minimum value of the resonance fre- 
quency for 45° X cut bars coincide in the temperature scale. The great height of 
the 8 peak with E_ = O obtained from the data of Matthias® agrees with the dif- 
ference in the normalization conditions (see section 1), while the somewhat smal- 
ler values on the § = f (t) curve for large E= can be explained by individual pecu- 
liarities of the crystals and possibly by the type of mounting. 
*These measurements were carried out on X cut plates oscillating in the cir- 
cuit mode. Inasmuch as the resonators were not of highest quality, the absolute 
values of 5 (particularly 8min) are only approximate, 
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Upon increase of the biasing field E- on a ferroelectric resonator (in the 
direction of the polar axis) increase of E= at first favors reorientation of the 
domains during oscillation (Figs.4 & 5); hence § grows, attaining a maximum at 
E= ~Ecoerc with a maximum value of OP/2E, when reorientation of the domains in 
weak alternating fields occurs most easily at the given temperature. Clearly, 
with approach to the Curie point, together with decrease of Ecoerc;, the positions 
of the 5 peaks shift towards E- = 0. With further increase of E_ as the crystal 
approaches the single-domain state the domain mechanism comes to play an every 
more minor role (the damping decreases), and, finally, becomes completely insig- 
nificant (6 stops being dependent on E= and is only weakly dependent on t). We 
note that at the same field values the AE effect disappears. The fact that these 
fields are several times greater than the saturation field can be explained, fol- 
lowing Matthias’, by recalling that mechanical stresses in the oscillating resona- 
tor also give rise to local fields which again produce domains. Moreover, there 
may persist individual "persistent" domains even in fields substantially greater 
than the saturation field. The difference between the initial 5 = f (E=) curve 
and the subsequent loops (Fig.5) can be explained in the same way as the difference 
between the ''virgin' branch of the field dependence of the polarization and subse- 
quent P vs E curves (see, for example, Gurevich et alll); hypothesizing that the 
specimen "remembers'' application of the initial biasing field, one can readily ex- 
plain the displacement of Snax with decrease of the field in the E.j <0 region and 
the butterfly shape of the curve. The persistence of the 5 peak at the Curie point 
in the range of strong biasing fields, when domain losses are absent, can be ex- 
plained by the thermodynamic theory of phase transitions (see Yakovlev & Velich- 
kina). 

We note that the Ej and t dependences of 8 are similar to the dependences of 
the reversible dielectric constant € (and also the susceptibility) on E. and t. 
This appears to be natural inasmuch as both quantities, although different in 
their manifestations, are determined largely by processes of domain reorientation. 
In particular, just as for €, for § of 45° X cut bars of Rochelle salt above the 
Curie point, there is fulfilled the Curie-Weiss law; however, for reliable deter- 
mination of the Curie constant more accurate measurements are necessary. 

The relation between attenuation and the behavior of the domain structure is 
clearly evinced in the case of ferroelectric resonators subjected to y-irradiation. 
As Zheludev & Yurinl2,13 showed, as a result of y-irradiation the hysteresis loop 
of Rochelle salt changes from a single to a double loop; the critical field Eo, 
at which the process of domain reorientation begins increases with increase of 
the radiation dose. Hence § for E= < E,, decreases; with increase of the radia- 
tion dose the positions of the 5 maxima on the 5 = f (EZ) curve move further apart 
and the curve for a complete cycle of variation of E= contains two characteristic 
butterfly type loops with maxima corresponding to the coercive fields of the two 
loops (Fig.6). When the crystal is subjected to still greater doses of radiation 
the hysteresis loops completely degenerate: the domains become rigidly fixed and 
can no longer reorient. Consequently, 5 no longer varies with E=. It may be as- 
sumed that similar changes in & of ferroelectric resonators will obtain in all 
cases of "fixation" of the domains whether due to irradiation, introduction of 
impurities or agingl4, Hence observation of the variation of 6 may prove to be 
a sensitive method for investigating such effects and changes in domain structure. 

It may be assumed that the smaller values of 8 and the weaker E= dependence 
of 5 exhibited by ferroelectric resonators of TGS, as compared with 45° X cutpRos 
chelle salt resonators, are explained by the fact that the losses due to domain 
reorientation in TGS crystals are substantially smaller owing to the abba a a 
graphic difference between the domain structure of TGS crystals and zogiente ex 
crystals (in the former there is no rearrangement of the lattice incident to re 
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orientation of the domains! , while in the latter such rearrangement occurs!) , 
It may be asserted that for crystals having the same domain symmetry (here 2= C2), 
but differing in that in the paraelectric phase one crystal has a piezoelectric 
effect (Rochelle salt - class 2:2 =WD:), while the other does not (TGS - class 
2m = C2,)}*, there generally obtains a substantial difference in attenuation, the 
characteristics of pulse polarization reversal and other properties dependent on 
the character of the domain structure. 

We desire to express our gratitude to K.A.Pluzhnikov for assistance in carry- 
ing out the measurements, I.S,.Zheludev, M.I.Yaroslavskii and V.A.Yurin for helpful 
discussions and E.G.Bronnikova and A.I.Yaroslavskii for assistance in preparing 
the specimens and perfecting the experimental technique. 
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OSCILLATIONS OF DIELECTRIC PENDULUMS AND POLARIZATION OF FERROELECTRICS 
- I.S.Zheludev 


In an earlier contribution! , we described natural and forced oscillations of 
dielectric pendulums. We noted the difficulties of explaining the observed ef- 
fects and advanced the hypothesis that the oscillation amplitude is a function of 
the polarization of the dielectric. In the present report we give the results of 
experiments undertaken for the purpose of quantitative interpretation of this 
functional relationship. The experimental procedure was the same as that employ- 
ed in the earlier studyl. 

Fig.1 shows the ac field dependence of the amplitude of the forced oscilla- 
tions of the pendulum in the case when the active element is an X cut disk of Ro- 
chelle salt. The data were recorded at 11° and a frequency of 99 cps, equal to 
the natural frequency of the mechanical system (the pendulum). The experimental 
points used in plotting the dependence are indicated in the figure. Concurrent 
with recording the oscillation amplitude by the optical method, we photographed 
the dielectric hysteresis loop of the oscillating pendulums by the conventional 
procedure with a constant gain of the oscillograph amplifier. The loops corre- 
sponding to some ac crest field values are also shown in Fig.1. 
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Fig.1. Variation of the amplitude of forced oscillations of a pendulum 
containing Rochelle salt as a function of the ac field EX 


It will be evident from Fig.1 that the greater the total polarization of the 
specimen, the greater the oscillation amplitude (loops a--d) and that the greatest 
increase of polarization (fields close to the coercive field) is associated with 
the most appreciable change in the oscillation amplitude (loops a & b, and a & c), 
while a small change in the polarization (saturation field) is accompanied by a 
small change in oscillation amplitude (loops d & e). On the whole, the field de- 
pendence of the amplitude Aj shown in Fig.1 corresponds to the usual E. dependence 
of polarization P for ferroelectrics. (We must emphasize, however, that in our 


- 1228 - 


40 


(+a 
20 
QO 
eee! 


gd 200 600 1000 1400 1600 2200 E,v/om 


Fig.2. Variation of the amplitude of forced oscillations of a pendulum 
containing Rochelle salt with the dc polarizing field E.. The ac field 
E~ is the same for all points and equals 1050 v/cm. 


experiments we did not check the quantitative relationship between the polariza- 
tion and oscillation amplitude, so that the indicated correspondence is only quali- 
tative in character.) 

As is known, there exists a direct relation between the shape of the hystere- 
sis loops and the degree of polarization reversal of the domains in ferroelectrics 
(Refs.2 & 3). Invoking this fact, we note that the greatest change in oscillation 
amplitude of the pendulum is correlated with an appreciable change in the number 
of domains beginning to participate in the polarization with increase in the an- 
plitude of the applied field (compare loops a and b), while small changes in oscile 
lation amplitude correspond to cases in which the increase of the field does not 
lead to a substantial increase in the number of domains undergoing switching. It 
may even be inferred that whenever increase of the field does not lead to an in- 
crease in the number of switching domains (fields stronger than the saturation 
field), the oscillation amplitude does not change (compare loops d and e). (This 
argument is based on the assumption that the major part of the polarization in 
ferroelectrics is due to polarization reversal of the domains.) 

Examination of Fig.2 substantiates our conclusion regarding the correlation 
between the oscillation amplitude and the polarization of the specimen (and its 
domain structure). The curve in this figure, which was recorded at the same tem- 
perature and frequency (11° and 99 cps), shows the de field dependence of the os- 
cillation amplitude of a pendulum containing Rochelle salt with a constant ampli- 
tude of the "exciting" ac field (E.~ = 1050 v/em). In addition to the experimental 


points, we show tracings of the dielectric hysteresis loops corresponding to dif- 
ferent values of the dc (polarizing) field. 


. 
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It will be evident from Fig.2 that as the polarization of the specimen due 
to the applied de field decreases, i.e., as the domain structure is "clamped", 
the oscillation amplitude of the pendulum drops (loops b and d), and the oscilla- 
tions virtually cease upon complete ''clamping" of the domain structure (loop e). 
We cannot at present advance a convincing explanation for the increase of the os- 
cillation amplitude of pendulums in weak dc fields, which we also observed earlier 
(see Ref.1). The present and earlier experimental results were obtained for pendu- 
lums in which the electrodes were applied directly to the surface of the dielectric. 
The measurement conditions therefore corresponded to a constant field intensity in 
the samples. Moreover, all the above experiments were carried out in air. We 
were curious to find out what effect placing the pendulum in vacuum would have up- 
on the oscillations and whether the pendulum would oscillate when the dielectric 
is mounted in an empty capacitor so that there is an airless gap between the speci- 
men and the capacitor plates (inductive dc conditions). To this end we set up a 
pendulum containing barium titanate inside a capacitor, arranged so that there was 
a ~l mm gap between each side of the specimen (devoid of metallic coverings) and 
the capacitor plates. The entire assembly was placed in a glass envelope which 
was evacuated to 10-4 mm Hg and sealed off. It was found that in this case also 
when an ac field is applied to the capacitor plates the pendulum executes forced 
oscillations at a field frequency equal to the natural frequency of the mechani- 
cal system, and that the regularities characterizing the behavior of such a pendu- 
lum are similar to those observed earlier and described above. 

I am grateful to S.V.Rozhkov and A.Yu.Kurkovskii for assistance in the experi- 
ments. 
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DIELECTRIC AND CALORIMETRIC INVESTIGATION OF AMMONIUM SULFATE AND 
AMMONIUM FLUOBERYLLATE CRYSTALS : | 
- V.A.Koptsik, B.A.Strukov, A. A.Sklyankin & M.E. Levina 


It is known that _(NH4)9S04 and (NH4) 9BeF4 have phase transitions at -50° and 
-970°C , respectively.1-3 

In the low-temperature phase both crystals are ferroelectric; the polar axis 
is the c axis in ammonium sulfate and the ( axis in ammonium fluoberyllate. The 
character of the anomalies associated with the phase transitions differs in these 
crystals, which indicates that their phase transitions involve essentially differ- 
ent mechanisms. Their crystal symmetry changes incident to the phase transition: 
ammonium sulfate changes from class Pnam (D!f) to class Pna2, (C},) and ammonium 
fluoberyllate changes from Abam(D3};) to Ab2, a(Ci{) ( we use the usual convention 
for the crystallographic axes: c <a < b).4 


Preparation of Samples and Measurement Procedure 


Large single crystals of ammonium sulfate were grown from an aqueous solution 
of the chemically pure reagent by the method of lowering the temperature. The 
growth cycle was 4 weeks. There were obtained crystals measuring 80 x 40 x 15 mm. 

The ammonium fluoberyllate was synthesized by the Lebeau procedure®. Single 
crystals measuring about 20 x 7 x 2 mm were grown from a water solution by the 
method of evaporation at constant temperature. For control purposes both the ini- 
tial reagent and the crystals were subjected to chemical analysis. 

Dielectric measurements were carried out on c-cut (NH4)9S0, and b-cut 
(NH4) pBeF 4 crystals. For the calorimetric measurements we used samples of the 
initial fine-crystalline powder employed for growing the crystals. 

In the dielectric measurements we gave particular attention to close tempera- 
ture control near the phase transition points. The thermostating set-up employed 
insured stabilized temperature points at 0.1° intervals with an accuracy of +0.005° 
(Ref.6). The crystals were kept in a dry air atmosphere. The temperature in the 
controlled space was monitored by a triple copper-constantan thermocouple. The 
dielectric constant € and the loss tangent 5 were measured at a frequency of 50 kc 
in a ~3 v/em field by means of a precision logarithmic bridge. 

A vacuum adiabatic calorimeter’ was used for the specific heat determinations. 
The accuracy in determining individual equilibrium values of the specific heat 
was evaluated to be 0.5-1%. The reliability of the procedure was checked by mea- 
suring the temperature dependence of the specific heat of a standard substance, 
namely, benzoic acid CgHs5COOH. 


Dielectric Measurements 


The € and tan 5 measurements were made after attainment of thermal equili- 
brium; the usual holding time at each constant temperature was 25 to 40 min. 

Fig.1 shows the temperature dependences of € and tan § for a c-cut ammonium 
sulfate crystal, obtained in the process of cooling (about 1-2° below the transi- 
tion point the crystal fractures along the Cleavage planes). From room tempera- 
ture to the phase transition point, € and tan § exhibit slow linear variation. 
At -48.2°C a sharp rise of € and tan § is observed: € rises from 17.2 to 50 in a 
temperature interval by only 0.2° and then falls off abruptly to about 20. In 
heating of the cracked specimen, the peak value of € is observed at 48.7°C i.e. 
at a point approximately 0.5° higher than in cooling. { ; 

Fig.2 shows the temperature dependences of € and tan § for a $-cut ammonium 
fluoberyllate crystal. In contrast to (NH4) 9S04, the rise of € on approaching 
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Fig.1. Temperature dependence of € and 
tan 6 for c-cut (NH4).S0, crystal. 


Fig.2. Temperature dependence of € and 0 =] 
tan 8 for 6-cut (NH4) oBeF 4 crystal.—> “$f 9 -Ji -G2 NT 


the transition point from the side of higher temperatures occurs in conformity 
with the Curie-Weiss law, i.e., the temperature variation of 1/é€ is linear. Tan 
S rises sharply at the transition temperature and attains its maximum value at 
a point corresponding to the most precipitate drop of é. 
While the temperature dependences of tan 8 are similar for ammonium sulfate 
and ammonium fluoberyllate, 


Cp» cal/moles degree the T dependences ¢€ differ 
? substantially. 


We also carried out de- 
tailed investigations of the 
temperature dependence of 
polarization in the phase 
transition region of differ- 
ent field strengths. The re- 
sults will be published else- 
where. 


2000 


1000 
Calorimetric Measurements 


Fig.3 shows the tempera- 
ture dependence of the speci- 


é Points identified by the same 
Fig.3. Temperature dependence of the specific symbol pertain to a single 
heat Cp for (NH 4) 9504. series of successive tempera- 


ture increments. The measure- 
ments in the phase transition region were made at 0.08-0.20° intervals. The speci- 
fic heat at the phase transition point rises to 2427 cal/mole-degree, in contrast 
to 50 cal/mole-degree in the region of the normal temperature variation. Further 
increase of temperature leads to a sharp drop of Cy to 40 cal/mole:-degree. 

During the course of our experiments we discovered that cooling a specimen 
initially at T> Tc is not always accompanied by transition to the ferroelectric 
phase. In the case of not very severe cooling, the specific heat may not rise 
sharply in conformity with the normal temperature dependence of ag but instead 
changes insignificantly, i.e., retains a value close to that of the high tempera- 
ture phase (dashed lines in Fig.3). We obtained supercooling of the order of 
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0.4-0.5°, which is in good agreement with the dielectric data. The mean value of 
the integral transition energy was found to be 490 cal/mole. 

The temperature dependence of the specific heat for ammonium fluoberyllate 
is shown in Fig.4. The curve exhibits a characteristic X\ peak; no supercooling 
effect was observed. The procedure employed 
for determining the specific heat enabled us 
to obtain equilibrium values of Cp at each 
temperature (the holding time after each heat- 
ing was 50-60 min). It is therefore not sur- 
prising that our data differ from the results 
of Hochino et al4. 

It will be evident from Figs.1-4 that 
the transition temperatures obtained from 
calorimetric measurements (-49.9° and -98.6°C) 
and from dielectric measurements (-47.6° and 
93.4°C) differ somewhat. The calorimetric 
data are more reliable inasmuch as the tem- 
perature was measured by means of a high grade 


C,, cal /moles deg 


75 


95 


305 
4a 160 46 100 200 T,°K platinum resistance thermometer. We attribute 
Fig.4. Temperature dependence of the disagreement to inadequate accuracy in 
Cy for (NH 4) 950. calibrating the thermocouples used in the di- 


electric measurements. 
We desire to thank A.N.Izrailenko and A.F.Solov'ev, who participated in the 
experiments. 
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INVESTIGATION OF THE OPTICAL PROPERTIES OF SOME FERROELECTRIC CRYSTALS 
- V.A.Koptsik, B.A.Strukov & I.K.Nevedomskaya 


Introduction 


The possibility of optical observation of polymorphous phase transitions in 
crystals is based on differences in the shape and orientation of the optical indi- 
catrix in the two crystal modifications. As is known, isotropic, uniaxial and bi- 
axial crystals differ optically. The optical indicatrices of such crystals are a 
sphere, an ellipsoid of revolution and a triaxial ellipsoid, respectively. 

Polymorphous transformations are optically "indistinguishable"’, if the opti- 
cal symmetry of the crystals (the symmetry of the optical indicatrix) does not 
change. However, continuous observation of the temperature variation of the bire- 
fringence affords the possibility of distinguishing polymorphous transitions on 
the basis of the abrupt change in magnitude of the refractive indices at the phase 
transition point. It is obvious that the optical indicatrix at this point changes 
size without changing its orientation relative to the symmetry elements of the 
crystal. 

We investigated the temperature dependences of the birefringence for ferro- 
electric cuts of ammonium sulfate (NH4),S0, and ammonium fluoberyllate (NH4) oBeF 4 
crystals. 

Optically, (NH,)5S0,4 and (NH4) 9BeF4 crystals are biaxial. Phase transitions 
in (NH4)9S0, at -50°C and in (NH4)2BeF, at -100°C and associated anomalies of the 
specific heat and dielectric constant have been noted by various authors!-4, Struc- 
tural investigation® has shown that phase transition in these crystals leads to a 
change in symmetry of the type m:2:m-—>2-m (in the designation of A.V.Shubnikov) ; 
the c-axis becomes the ferroelectric axis in ammonium sulfate, and the b-axis in 
ammonium fluoberyllate. It is easy to see that the optical symmetry of the crys- 
tals does not change incident to the transitions, which precludes optical observa-~ 
tion of the domain structure. 


Measurement Procedure 


<Fig.1. Equipment for investigating 
optical properties of crystals ina 
wide range of temperatures: 1) thermo- 
static microscope stage, 2) Dewar with 
liquid nitrogen, 3) siphon for trans- 
fer of liquid nitrogen, 4) electro- 
magnet regulating dry nitrogen outflow 
from the Dewar, 5) transformer for 
stage heater, 6) tube for blowing dry 
nitrogen at the microscope lens, 7) 
ERM-47 electronic regulator; Sj and 

Se are the "heating" and "cooling" 
control switches. 
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In addition to a polarizing micro- 
scope, our equipment for crystallo- 
optical studies comprised the follow- 
ing components (Fig.1): 1) a thermo- 
static microscope stage with heater, 
specimen holder and Lazo lens, 2) an 
arrangement for supplying a coolant 
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(liquid nitrogen) to the microscope stage, consisting of a Dewar, a siphon with 
heater, an ERM-47 electronic regulator and an electromagnetic squeeze valve that 
pinched the dry nitrogen outlet hose, and 3) a device for heating the stage, con- 
sisting of a heater, an LATR-1 autotransformer and a step-down transformer. 

The equipment was built and assembled according to drawings kindly lent us 
by the designers of this universal microscope stage, Tsurinov & Vol'nova®. It 
allows of providing any desired rate of heating and cooling of the specimen, and 
insures maintenance of stable temperatures. The specimen holder mechanism pro- 
vides for translation and rotation of the specimen on the microscope stage. The 
birefringence was measured by means of a rotary Berek compensator. The bire- 
fringence value was calculated by the formula An — C/d, where d is the plate thick- 
ness, C is the optical path difference, and Anis the difference between the prin- 
cipal refractive indices in the plane normal to the direction of observation. The 
plate thickness was selected so that bright interference colors in the second or 
third orders would be observed. 


Results 


The temperature dependence of the birefringence for a c-cut (NH 4) 250, crys- 
tal is shown in Fig.2. 

The birefringence decreases slight- 
ly down to the phase transition tempera- 
ture; at the phase transition point it 
rises sharply and then more slowly as 
the temperature of the specimen is fur- 
ther reduced. Variation of the path 
difference owing to the thermal expan- 
sion of the specimen results in only 
a minor correction to the observed 
value of this difference (parameter C 
changes at the transition point from 
5.97 to 5.93 A). 

The abrupt change in the value of 


1,20 ~100 “40 “60 -40 “20 20 An at the transition point makes it 
Fig.2. Temperature dependence of bire- feasible to observe the course of the 
fringence or c-cut (NH4) 9S04 crystal. phase transition in ammonium sulfate 


crystals. Usually the color change 
starts at the corners of the specimen. The color fields Slowly converge toward 
the center and the entire specimen assumes a uniform tone. We assume that the 
process of "color change" reflects the propagation of the "front" of the transi- 
tion from the paraelectric to the ferroelectric phase through the crystal plate. 
Below the transition point the crystal fractures along the Cleavage planes. We 
succeeded in following the dynamics of the process of crack formation. The bound- 
ary between the two phases is the place where considerable internal stresses de- 
velop in crystals, and these internal stresses give rise to the fractures along 
the cleavage planes. 

Fig.3 shows the temperature dependence of the birefringence An for a b-cut 
(NH4) 9BeF4 crystal in the range from +20° to -130°C. At about -90°C the bire- 
fringence goes through a clearly pronounced maximum, which we cannot ascribe to 
the change in the geometrical size of the specimen owing to thermal expansion any- 


more than we could in the case of (NH4) 9S0 
2 (at the transition poi 
increases from 10.43 to 10.47 A; see Ref. 7). Oe eae 
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<-Fig.3. Temperature dependence 
of birefringence for 6-cut 
(NH4) 9BeF, crystal. 


As was to be expected, the 
domain structure is not brought 
out even in a strong transverse 
electric field. 

Our optical observations 
confirm the dielectric and 
calorimetric data indicating 
that the transition in ammonium 
sulfate is of first order, while 
$€ -100 100 80 —i9 40 0 0 7  vhat in ammoniun fluoberyllate 
is of second order or of first 
but very close to second order. 
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SOME PHYSICAL PROPERTIES OF FERROELECTRIC BaTi03-PbTi03, BaTi03-BaSn03 AND 
BaTi03-PbTi03-BaSn03 SINGLE CRYSTALS 
- S.V.Bogdanov, G.M.Kovalenko & A.M,Cherepanov 


Polycrystalline solid solutions in the binary systems BaTi03-PbTi03 and 
BaTi03-BaSn03 and the ternary system BaTi03-PbTi03-BaSn03 have been studied in 
considerable detail.1-13 The purpose of the present work was to study some physi- 
cal properties of single crystals of the same composition. 


Growing the Single Crystals 


Single crystals of the above solid solutions containing up to 15 mole per- 
cent PbTi03 and 10 mole percent BaSn03 were grown from solutions in molten KF by 
slow cooling of the solution from 1000-12009 to 400°C. The same procedure was 
employed for growing single crystals from a solution with the initial composition 
85% BaTiO, + 10% PbTi03 + 5% BaSn03. The single crystals were grown both from 
previously synthesized BaTi03, PnTi03 and BaSn03 and from the usual synthesis com- 
ponents (in both cases we added Fe903 to some batches but not to others). The 
single crystals were obtained mainly in the form of triangular plates with a hy- 
potenuse of up to ~5 mm. The composition of the BaTi03-PbTi03 single crystals 
was more or less identical with the composition of the initial mixture. In the 
BaTi03-BaSn03 system, however, owing to the difficulty of entry of BaSn03 into 
the solid solution, this was rarely the case, i.e., the composition deviated from 
that of the initial batch. These inferences regarding the composition of the 
single crystals and the degree of entry of the second component into the solid 
solution are based on determination of their Curie points, which are known for 
polycrystalline specimens of roughly equal composition. In this connection we 
bore in mind that each mole percent of PbTi03 raises the Curie temperature by 
~3.8°, while each mole percent of BaSn03 lowers it by ~5.4°. The Curie tempera- 
ture of single crystals grown from the 85% BaTi03 + 10% PbTi03 + 5% BaSn03 mix- 
ture was found to be 133.5-135°, which corresponds to the Curie temperature of 
polycrystalline specimens of the same composition. 


Physical Properties of the Single Crystals 


Variation of the dielectric constant with field strength, 
temperature and composition 


Before firing on the silver electrodes the crystals were carefully checked 
over and only good plane-parallel plates free of cracks and inclusions were ac- 
cepted for measurement. 

Fig.1 shows the ac field dependence of the dielectric constant € of single 
crystals of BaTi03 under the simultaneous influence of a dc bias field. Measure- 
ments in zero de field were carried out twice. As can be seen, the peak value of 
€ for the second series of measurements is higher and is shifted to the side of 
lower fields. This effect must be ascribed to "aging": ordering of the domain 
cae under the influence of the ac field during the first series of measure- 
ments. 

Fig.1 also shows the ac field dependence of € in the presence of 250, 600 and 
750 v/om dc fields. With increase of the dc field, the maximum of €, as Ae to be 
expected, decreases and shifts to the side of higher values of the ac field. It 
is worthy of note that in a relatively wide range of ac field values the variation 
of the capacitance with the ac field is linear; increase of the de field leads to 
a shift of the point of departure from linearity to the side of stronger ac fields. 
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Fig.1. Ac field dependence of the dielectric constant for single crystals 
of BaTi03; 1 & 2) second and first cycles with E., = 0, 3) Ej = 250 v/cn, 
4) E= = 600 v/cm, 5) E_ = 750 v/cn. 
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Fig.2. Variation of the ac field 
dependence of the dielectric con- 
stant with the crystal composi- 
tion: 1) pure BaTi03, 2) 5% PbTi0s, 
3) 10% PbTi03, 5) 5% BaSn03, 6) 

10% BaSn03. 


The section of linear variation of the capaci- 
tance with the ac field in a 750 v/cm de 
field is shown separately in the figure to 
an enlarged scale. 

Fig.2 shows the ac field dependence of 
€ for single crystals of different composition. 
The measurements were carried out at room tem- 
perature (~20°C). It will be evident from 
the figure that with increasing BaSn03 con- 
tent, the dielectric constant increases as 
compared with its value for BaTi03, and its 
maximum is observed at lower field intensi- 
ties. Increasing the content of PbTi03, on 
the other hand, reduces the dielectric con- 
stant; its maximum shifts to the side of 
stronger fields and is gradually smeared out. 

We investigated the temperature depend- 
ence of € for all the crystals at different 
values of the ac field: in weak fields, in 
fields corresponding to the sharp rise of € 
and in fields corresponding to €max (see the 
é = f(E,) curves in Fig.2). Inasmuch as these 
dependences are virtually identical for all 
the investigated single crystals, we show 
(Fig.3) the temperature dependences only for 
95% BaTi0g + 5% PbTiOg. 

As can be seen from Fig.3, the tempera- 


ture dependence of € in strong fields differs radically from that in weak fields. 
Whereas in weak fields € has a pronounced peak at the Curie temperature, in strong 
fields € is considerably greater and is only weakly dependent on the temperature 
in a comparatively wide range. Only near the Curie point is a sharp drop of ¢€ 
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observed. The entire shape of the € = fj™ 
curve is analogous to that of the same de- 
pendence for Rochelle salt in strong fields. 

It is interesting to note that in strong 
fields the temperature hysteresis of € is 
very pronounced, the values of € with decreas- 
ing temperature being significantly lower with 
rising temperature, in contrast to the case 
of temperature hysteresis in weak fields. 

We also note that the temperature depend- 
ence of € in fields corresponding to the sharp 
rise of ¢ (Fig.3, E = 1550 v/cm) is stronger 
and its maximum value is greater than in 
fields corresponding to €max (Fig.3, E.~ 2000 
v/em) . 


Dielectric Hysteresis 


sie 
40 60 120 160 200 6° 
Dielectric hysteresis loops were recorded 


Fig.3. Temperature dependence of for all the specimens. By means of a special 
the dielectric constant at dif- attachment to the oscillograph the loops were 
ferent ac field strengths for the recorded directly, natural size, on photo- 

95% BaTi03 + 5% PbTiO3 system: 1) graphic paper. From the loops we calculated 
E= = 50 v/cem, 2) 1550 v/em, 3) the spontaneous and residual polarization, co- 


1900 v/cm. ercive field and rectangularity coefficients 
of the hysteresis loops. All the loops were 


recorded using the familiar Sawyer-Tower circuit, with some minor modifications 
introduced for the purpose of avoiding possible errors due to phase shift. 


pertain to polycrystalline specimens of the same composition. 


tabular data shows that the regularities characterizing the variation of P 
Eo and the rectangularity coefficient with the mole perc 
added to the BaTiO 


line specimens. 


Variation of Ps, Po, Eg and rectarngularity coefficient 
with composition of the single crystals 


Composition of _ Dielectric hystcresis loo 
single crystals, % fharseterietice : 
Base Impurity E 
es P. 410° Po 108, eo er 
BaTiO, | PbTiO, | BaSnOs | coul/om® | cjul/em@ kv/cm P max 
100 — — 18,3 16,2 0,8 0,83 
(5,0) (4,2) (2,3) (0,50) 
95 ° — 26,0 Pea: 155 0,80 
(10,0) (9,0) (2,8) (0,76) 
90 10 -- AS th Haass Se 0,65 
(5,4) (5,0) (7,4) (0,77 
85 15 -- atl 9 4,6 0,86" 
(9,2) (9,0) (8,4) 0,80 
5 — 5 42,4 9,5 4-5 0,60 
(6,6) (6,0) (2,0) ,83 
90 — 10 8,0 Gra 152 ue 
2 (5,7) (3,3) (0,9) (0,35 
85 10 5 14,4 13,0 Si 0, ri 
(7,0) (6, 2) (3,0) (0,60) 


The results are given in the accompanying table. The figures in parentheses 


Comparison of the 
SS) Po, 
ent of PbTi0g and BaSn03 


3 base material are the same as for the analogous polycrystal- 
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In the case of ternary system BaTi03-PbTi03-BaSn0, the crystals were imper- 
fect, and their characteristics were close to those of single crystals of BaTi0g, 

Introduction of Fe903 into the crystal-growing batch in all cases enhanced 

_ the characteristics of the single crystals. For example, for 90% BaTi0g + 10% 
PbTi03 without Fe203 the value of P, was 13.7-1076 ucoul/cm2, while with 0.2% 
Feo03 impurity it was 14.6-10-§ wcoul/cm2 - an increment of ~6%. 

Thus we have established that the nature of the variation of the investigated 
quantities with the composition of single crystals is similar to that for poly- 
crystalline specimens of analogous composition; however, such characteristics as 
the dielectric constant, spontaneous polarization and residual polarization are 
considerably higher and the coercive force considerably smaller for single crys- 
tals than for polycrystalline specimens. 
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BaTi03-BaSn03 SOLID SOLUTION SINGLE CRYSTALS 
- A.L.Khodakov & M.L.Sholokhovich 


The growth of single crystals of BaTi03-BaSn03 solid solutions from differ- 
ent fused media presents serious difficulties. While a continuous series of 
single crystals of (Ba,Sr)Ti03, (Ba,Pb)Ti03, and (Sr,Pb)Ti03 can be produced with 
comparative easel~4, it is considerably harder to obtain Ba(Ti,Sn)03 crystals. 
Success in growing these crystals is determined to a considerable extent by the 
state of the initial components employed, the length of the high-temperature 
holding time of the melts, the provision of equilibrium crystallization conditions 

The initial components chosen for our experiments were mixtures of polycrys- 
talline BaTi03 and SnO9 presintered at 1200°C. We added 5, 10 and 15%* tin di- 
oxide relative to the BaTi03. If the initial mixture contained more than 10% Sn0, 
the latter could not be completely dissolved even by heating the melt up to 1450°. 
The partially dissolved excess Sn0g would precipitate when the melt cooled. About 
10% SnOg is apparently the limiting quantity that can replace titanium dioxide in 
barium titanate with subsequent formation of a solid solution. In this series of 
experiments we succeeded in producing crystals of isomorphous mixtures containing 
up to 7% of BaSn03. 

However, when the initial batch was a mixture of presintered (to 1200°) BaCOz, 
Ti0s and SnO» taken in the stoichiometric proportions requisite to formation of 
solid solutions of barium titanate and stannate, or a mixture of polycrystalline 
barium titanante to which barium carbonate and tin dioxide that had not been roast- 
ed were added, we succeeded in producing crystals containing up to 13% of BaSn03. 
We noted incidentally that using unsintered BaCO3 and Sn0O5 as the components of 
the initial mixtures, facilitates the solution of the mixture in molten KF and 
the process of formation of crystals with high BaSn0. content. 

In order to obtain plate-like crystals we added small amounts (up to 0.2 per- 
cent by weight) of Fe903 to the mixture in a number of experiments, just as Remeika 
did when producing tabular BaTi03 crystals®. We avoided adding greater amounts of 
Feo903 to prevent its influencing the ferroelectric properties of the resulting 
crystals®,7, In the ensuing experiments it developed that adding the indicated 
amounts of Fe9203 did not, under our experimental conditions, have any effect on 
the shape of the crystals formed. Thin plate-like crystals with an edge length 
of up to 11-12 mm formed every time, regardless of the absence or presence of 
Fe203, provided the cooling rate of the melt was 11-15 degree per hr. Slower 
cooling of the melts, however, even when they contained Fe203, resulted in cube- 
shaped crystals. An analogous influence of the cooling rate on the shape of the 
growing crystals was observed by Timofeeva® for BaTi03 crystallizing from a solu- 
tion in BaClo, and by ourselves for PbTi03 crystals. 

We also carried out crystal-growing experiments using as the initial compon- 
ent a ceramic similar in composition to that proposed by Verbitska2 and known in 
the literature as Varikond VK-2. The composition of this ceramic is 


(94% BaTi03 + 6% Sn0p) + (0.5% Cro03 + 0.5% Bo03). 


In separating the crystals from the flux, we detected an appreciable concen- 
tration of Cr3+ ions in the wash water, which would indicate that little or no 
chromium remained in the crystals. In some experiments of this series we succeed- 
ed in obtaining crystals corresponding as regards their dielectric characteristics 
to a solid solution of BaTi03 with approximately 7% BaSn03. It is natural that 


*Except as noted, all percentages here and below are molar. 
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the properties of the resulting crystals, in 
spite of the close similarity of their composi- 
tion to that of the initial ceramic, are not 
entirely comparable to the properties of the 
latter, inasmuch as the properties of the 
ceramic are obviously affected by the presence 
of some titanium dioxide, which is displaced 
from the BaTi0g3 by the Sn09 in the process of 
formation of the BaTi03-BaSn03 solid solution 
as well as by the Cro03 and B03 impurities. 
Although growth of the crystals was rather 
slow and the cooling rate was from 10 to 15 de- 
grees per hr, the stresses developing in the 
process of cooling had a substantial effect on 
their dielectric properties. As a result, the 
maximum of the dielectric constant for a number 
of crystals did not occur at the phase transi- 


13000 


10000 


a he on eae, tion temperature characteristic of the given 
compound. To eliminate these anomalies the crys- 
Fig.1. Ac field (50 cps) de- tals were heated for 2 hours at 1200°C and then 
pendence of € for BaTi03-BaSn03 cooled at the rate of 15 degrees per hr. It was 
crystals: 1) BaTi03; 2) 3% not necessary to heat treat crystals containing 
BaSn03; 3) 8% BaSn03. more than 8% BaSn03. 
ise. Although each crystal 
he batch exhibits an appreciable 
9099 \ Fig.2. De field depend- scatter of the dielectric para- 
\ ence of € for a BaTi03 + meters, the curves shown in 
. + 6% BaSn03 crystal (a) Figs.1-3 are fairly representa- 
\ and a BaTi0g crystal tive. The scatter of dielectric 
u (b). The figures at properties is most likely due 
7002 \ the curves give the to some difference in the nun- 
a values of the 10® cps ber of 180° and 90° domains, 
) i alternating field in which is particularly character- 
a kv/cm. istic of crystals grown under 
5000 less than optimum equilibrium 
x conditions. Heat treatment par- 


tially "stabilizes" the dielec- 
tric parameters. It will be 
evident from Fig.1 that the ac 
field dependence of the dielec- 
tric constant is considerably 
more pronounced for BaTi03- 
BaSn03 crystals as compared 
with BaTi03 crystals. The de 
biasing field dependence of the 
reversible dielectric constant 
is also more clearly evident 
for BaTi03-BaSn03 crystals. 
Practical utilization of ferro- 
electrics demands that their 

dielectric constant vary with the ac field and the simultaneous action of a bias- 
ing dc field. These dependences are shown in Fig. 2. 

The hysteresis loops of the crystals have the usual shape. At the Curie 
point they become straight lines. Instantaneous parameters at different points 


i) 


&§ &kv/cm 0 5 Ekv/em 
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0 
a ) 
Fig.3. Values of the reversible dielectric constant at different points 
of the hysteresis loop for BaTi03-BaSn03 crystals containing 8% BaSn03 
(a) and for BaTi03 crystals (b). Crest field values: 1) Eo = 3 kv/cm; 
2) Eg = 4 kv/em; 3) Eg = 7 kv/em; 4) Ey = 9 kv/cm. 


of the hysteresis loop were determined on a two-frequency bridgel9, An ac voltage 
with a frequency of 50 ke was applied to the specimen simultaneously with a weak 
(15 v/cm) high-frequency (10° kc) ac field. By compensating for the high-frequen- 
cy current in the bridge diagonal, it was possible to determine the reversible di- 
electric constant!! at different points of the hysteresis loop. An oscillograph 
was used as the compensation indicator. The curves obtained by means of this ap- 
paratus are shown in Fig.3,a. Already at 100 v/em the value of the reversible di- 
electric constant for crystals containing 8% of BaSn03 varies appreciably at dif- 
ferent points of the hysteresis loops. For higher voltages the peak value of the 
reversible dielectric constant increases by a factor exceeding three. For barium 
titanate (Fig.3,b) the instantaneous values of reversible dielectric constant vary 
considerably less. 

The conductivity of all the crystals was less than 10711 mho/cm; only at 
temperatures above 150°C does it rise to 10-8 mho/em. The dielectric loss of the 
crystals at a frequency of 106 cps does not exceed 1-2%, 


Conclusions 
oot bie ot ENE 


1) Single crystals of BaTi03-BaSn03 solid solutions with a high BaSn03 con- 
stant can be grown from KF-BaTi03-BaSn03 melts. Such crystals can be grown more 


easily if the initial substances employed are BaCO3 and Sn0O9 not subjected to pre- 
liminary roasting, 
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There were obtained single crystals of BaTi03-BaSn03 solid solutions contain- 
ing up to 13% BaSn03. 

2) The formation of plate-like BaTi03-BaSn0, single crystals is determined 
by the conditions of cooling and the melt concentration, and does not depend on 
the presence of Fe903 impurity in the melt. . 

3) The resulting crystals, in particular those containing 8% BaSn0., have 
nonlinear properties that are considerably more pronounced than those of BaTi0g 
crystals. The values of the instantaneous dielectric constant of solid solution 


crystals containing 8% BaSn0. differ at different points of the hysteresis loop 
by more than a factor of 3. 


Rostov-on-the-Don State University 
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PREPARATION AND STRUCTURE OF CRYSTALS OF 


SOME LEAD-CONTAINING FERROELECTRIC SUBSTANCES AND THEIR SOLID SOLUTIONS 
- M.L.Sholokhovich & E.G. Fesenko 


Many ferroelectric salts containing Pb2+ cations are substances that melt 
incongruently. Consequently, their preparation in the form of single crystals 
must be effected from a solution in melts of other substances that do not inter- 
act chemically with then. 

In the present work we give the results of investigating the possibility of 
preparing PbTi03-PbZr03 solid solution single crystals, PbNbo90g crystals and 
PbTi03-PbNb20g solid solutions from solutions of these substances in melts of 
PbO + BoOg. Earlierl-4 we proposed a technique for preparing single crystals of 
PbTi03 from its solutions in molten PbO + Bg03. 

Fig.l shows the [50% PbO + 50% B903] -PbTi03-PbZr0, crystallization surface 
that we investigated up to 1000°C for the purpose of determining the possibility 
of preparing single crystals of PbTi03-PbZr03 solid solutions. It was found that 
in the investigated section the crystallization surface of the system comprises 
three phases: a vitreous phase occupying a minutely small part of the crystalliza- 
tion surface, a phase of limited PbTi03-PbZr03 solutions with a maximum of 13.9% 
PbZr03, and a phase of the ternary compound PbO*B903°Zr05. Crystals of Pb(Ti,Zr)0 
solid solutions can be separated from the other phase by dissolving the latter in 


HNO 3, 


50 Pb0+50 8,0, 
450° 


Prin, J 7 MM WX V Ww WT WwW gx x PbZr0g 


Fig.1. Diagram of the [50% PbO + 50% B203]-PbTi03-PbZr03 crystallization 
surface, 


a er ee 
ri at a? oe a ie A 
P8Zr0,,mole percent 


Fig.2. Variation of the 
lattice parameters of 


Pb(Ti,Zr)03 crystals with 
the composition. 


Bo, “— w 


Mole percent 
Fig.3.Crystallization surface of the Pb0-B203-Nbo05 


system. 
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From some melts of the investigated cross section 
we gew single crystals of Pb(Ti,Zr)03 solid solutions 
containings0.9511.4,5°1.7, 3.2, 5.4, 7.0 and 13.9% 
PbZr03. The crystals were grown from melts of PbO 
and B203 in molar proportions, to which was added 2.5% 
of the desired mixture of PbTi03 and PbZr03. In all 
cases, however, the composition of the resulting crys- 
tals differed somewhat from that of the mixtures em- 
ployed for crystallization. The initial components 
of the mixtures were the appropriate calculated quan- 
tities of PbO, TiO0g and Zr0o. 

The crystals had a golden yellow hue and were 
transparent. The shape of the crystals varied with 
the conditions of crystallization; for the most part 
hexahedral plates and cubes were obtained. 

X-ray diffraction studies of the crystals showed 
that their structure was of the tetragonal perovskite 
type. The structural type, symmetry and parameters 
were determined from powder patterns. The variation 
of the parameters with the PbZr03 concentration is 
shown in Fig.2. These data agree with those for the 
corresponding polycrystalline solid solutions». 

The index of refraction,determined by the method 
of immersion in Se-S, was found to be 2.72 for all 
the investigated crystals. Curie temperatures were 
determined by means of a 
polarizing microscope. 

We established the 
possibility of preparing 
single crystals of lead 
metaniobate from its 
solutions in PbO + B903 
melts. 

Fig.3 shows the pri- 
mary crystallization sur- 
face of the PbO-B903-Nb205 
system, investigated up to 
1100°. Of the six binary 
compounds* known for the 
PbO-Nb205 system®, only 
three compounds appear in 
the investigated part of 
the ternary system. , The 
major part of the system 
is occupied by the freely 
crystallizing lead metanio- 
_smg’ vate phase. The two,other 
Hb,0, phases, which penetrate 
from the PbO-Nb905 side 
and appear in the region 
of high PbO concentrations 
and at high temperatures, 


1§ 


*The poles of these compounds are indicated in Fig.3 on the PbO-Nbo05 side. 
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upon cooling of the melts decompose at point Rj 
corresponding to 660° and at point Rg (730°). Thus 
only lead metaniobate and lead-boron glasses crys- 
tallize upon final solidification of the melts. In 
contrast to PbNbg0g, the lead-boron glasses are 
easily soluble in HNO3, making quantitative analy- 
sis of the solid phases feasible. From a melt of 
PbO and Bo03 taken in molar ratio, to which was 
added 24% [50% PbO + 50% Nb205], there were obtain- 
ed PbNb90g crystals. The crystals grew in the 
temperature range from 1100° to 660° with the melt 
cooled at the rate of 20 degree per hr. They were 
transparent hexahedral light-yellow plates up to 
~100 wu thick and to 5 mm in cross section. 
The crystals prepared under these conditions 

f he ey bs did not evince ferroelectric properties; however, 
Fig.4. Temperature dependence after roasting at 1300°C for 3.5 hours, they be- 
of the capacitance for speci- came characteristic ferroelectrics. The dielectric 


mens of single crystals of properties of the crystal were investigated by A.L. 
PbNb90g roasted at 1300°C. Khodakovii; the pertinent data are given in Fig.4. 
(50 Pu0 +508,03) 
680° 
Ke 660° 
636°. for 
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Fig.5. Fusib 
sibility diagram for [50% PbO + 50% B203] -PbTi03-PbNbo0g. 
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| The fusibility diagram of the [50% PbO + 50% Bo03]-PbNbo0g-PbTi03 system 
(Fig.5), which was investigated up to 1000°C is instructive. The character of 
the isotherms indicates that a continuous series of solid solutions of nonferro- 
electric PbNb20g and PbTi03 can crystallize from these melts at low temperatures. 

The crystals obtained from melts of this system at temperatures from 1000° 
to 600°C were transparent orange plates measuring up to 2-3 mm. Optical observa- 
tions did not reveal any domain structure in nonannealed crystals. 

X-ray diffraction studies of the resulting crystals and of the same crystals 
heated to 1300°C established that in a wide range of concentrations from pure 
PbNb20g up to 90% or more PbTi03, there exists a continuous series of solid solu- 
tions with a structure different from perovskite. Roasting changes the structural 
type of the crystals. It is probable that roasting is accompanied by transition 
from the modification found in Ref.7 (rhombohedral PbNb90g) to that described in 
Refs.8 and 9 (rhombic PbNb90g). Examination of the diffraction patterns for non- 
annealed crystals shows a monotonic variation of the parameters of rhombohedral 
PbNb90, with increasing PbTi0g3 concentration. 


The authors are grateful to A.L.Khodakov for his interest in the work and 
discussion of the results. 


Physical-Mathematical Scientific Research Institute, 
Rostov-on-the-Don University 
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SEMICONDUCTOR PROPERTIES OF BaTi03 
- S.V.Bogdanov & V.A.Rassushin 


To judge from the literature on ferroelectricity, in recent years more ane 
more attention has been given to the electric properties of pie asso hat t 
may be inferred from the work of Soviet and foreign investigators that barium 
titanate has purely n-type conductivity. 

In 1949 Busch, Flury & Merz’ investigated the temperature dependence of the 
conductivity of barium titanate single crystals and came to the conclusion that 
BaTi03 is a semiconductor and that the activation energy calculated from the slope 
of the 0 = f (A/T) curves is 1.75 ev. Later measurements of optical absorption car- 
ried out by Yatsenko® yielded a value of 3.1 Mev for the width of the forbidden 
band. 

= So far there has been no satisfactory explanation for the divergence between 
the data obtained from optical measurements and measurements of the temperature 
dependence of the conductivity. It may be assumed that the 1.75 ev slope value 
is the result of the presence of impurities that give rise to additional levels 
in the forbidden band. One may judge of the character of these levels, for ex- 
ample, from the sign of the thermoelectromotive force. The first data on the type 
of conductivity of barium titanate are given in the work of Remeika9. According 
to Remeika, the conductivity of BaTi03 single crystals determined from the sign 
of the thermo-emf is electronic; moreover, Remeika is of the opinion that the de- 
crease in conductivity accompanying introduction of iron impurity is the result 
of compensation of the intrinsic donor levels in BaTi03 by iron acceptor levels. 
More detailed information on the influence of iron will be found in the work of 
Nishioka et al119, 

Saburill, in addition to determining the sign of the thermo-emf, attempted 
to measure the Hall constant for ‘semiconductor’ barium titanate. The sign of 
the Hall constant inferred from his experiments indicates that the current car- 
riers in "semiconductor’ BaTi03 are electrons. 

From the above brief review it may be inferred that barium titanate is a 
semiconductor with a 3.1 ev wide forbidden band and n-type conductivity. In view 
of this we felt it would be of interest to determine the effect of some impurities 
not only on the ferroelectric but also on the electric properties of barium tita- 
nate, or as Saburi puts it, on the semiconductor’ properties of BaTi03. 

Below we give some data on the variation of log p with 1/T for BaTi03 single 
crystals deliberately doped with lanthanum and vanadium. The single crystals were 
grown by the Remeika technique. The impurities were introduced into the initial 
batch in the form of La203 and Vo05 in amounts of 0.01, 0.05 and 0.1 mole percent 
in excess of stoichiometry. Whereas in the case of pure BaTi03 most of the single 
crystals obtained are in the form of triangular plates, as a result of doping, the 
number of plate-like crystals decreases. Most of our crystals were of granular 
form. In the case of V205 doping the crystals were bright yellow in color; in 
the case of La903, the color of the crystals varied from rose to violet; the vio- 
let crystals, however, were in the form of very small grains unsuitable for mea- 
surements, 

Unfortunately, we were not able to determine the precise impurity concentra- 
tions in the crystals. However, the fact that the impurities entered the struc- 
ture of the crystal is shown by indirect data, as, for example, the shift of the 
Curie point with increase in the impurity content in the initial batch. We ob- 
served a shift of the Curie point both for barium titanate doped with vanadium 
and barium titanate doped with lanthanun. For example, in the case of La, the 


shift of the Curie point is clearly evinced even in the case of ceramic 
specimens 
with a high impurity content. f 
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Fig.1 shows the variation of 
the dielectric constant € with tem- 
“Ak perature for single crystals doped 
1000, x with La, as well as the curve for 
the initial "pure” BaTi03. It will 
be evident from the curves that 
sample A contains less La than 
sample B. 

We recorded the temperature 
variation of the resistivity of our 
single crystals. Some of the results . 
for the crystals doped with vanadium 
are shown in Fig.2. Here curve 1 
pertains to the sample with the low- 
est vanadium concentration; curve 2 
to the sample with the highest vanadi- 
um concentration. It will be seen 
that the slopes of the plots are 
nearly equal. The resistivity of 
the specimens at room temperature 
is 1.37°1012 ohm-cm. 

The resistivity data for the 
specimens doped with lanthanum are 


8000 


£000 
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2000 


0 40 20 120 0 5% shown in Fig.3. Curve 1 pertains 
Fig.1. Variation of the dielectric con- to sample B with the higher impurity 
stant € with temperature for barium tita- concentration. It will be evident 
nate single crystals with lanthanum im- from the figure that the log 
purity: 1) crystal of the initial "pure’ 1/T plot has an anomalous section 
BaTi03, 2) sample A, 3) sample B. similar to that described by Saburi 

log 9 for barium titanate ceramic doped 


with rare earth elements. The fact that there is 
such an anomalous section may serve as proof that 

1 the impurity entered into the structure of the sing- 
le crystal. However, we did not succeed in obtain- 
ing a substantial decrease of p. The slopes of the 


JF two linear sections are almost the same. For curve 
] 1 the equivalent energy is 2.44 ev; for curve 2 the 

2 corresponding value is 2.34 ev. 
Z Similar results were obtained for a large num- 


ber of different crystals; moreover the reproduci- 
bility of repeat measurements on the same crystal 


5 was good. 

1 é =- To explain the anomalous temperature variation 
Fig.2. Variation of the of e it must be noted that this section of the log 
resistivity with tempera- vs 1/T curve lies in the region of the phase 
ture for BaTi03 single crys- transition. This phase transition is accompanied 
tals doped with vanadium: by rearrangement of the band structure of the crys- 
1) lowest impurity concen- tal, which is clearly evident from the work of 
tration; 2) highest impurity Yatsenko & Rabkinl2 on the luminescence spectra of 
concentration. rare earths in barium titanate. Below the phase 


transition point the impurity levels are split, 
which leads to increase of the conductivity; above the phase transition, the 
splitting vanishes and the conductivity decreases. 
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Fig.3. Variation of the resistivity with temperature for BaTi0g single crystals 
doped with lanthanum: 1) sample A, 2) sample B (see Fig.1). 
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GROWING FERROELECTRIC SINGLE CRYSTALS FROM MELTS 


The procedure developed earlier! for preparing ferroelectric single crystals 
by zone recrystallization of ceramic samples enabled us to obtain fairly large 
single crystals of BaTi03 and other ferroelectric substances with the perovskite 
structure. However, the crystals obtained contained a large number of imperfec- 
tions in the form of gaseous inclusions and mosaic structure. Attempts to obtain 
crystals free of defects by this procedure failed to yield positive results. 

Accordingly, on the basis of the same principle, we developed new universal 
equipment for growing single crystals by the zone melting technique and the Ver- 
neuil technique. 

We decided to use Silit for the heater element of the universal furnace. 
Tests of Silit heaters have shown that they successfully withstand prolonged opera- 
tion in air at temperatures to 1600-16509 and can be operated for short periods 
at 1650-1700° (the indicated tempera- 
tures are those of the heater ele- 
ment itself and not of the furnace). 
Thus the available temperatures are 
high enough for melting many ferro- 
electric materials. 

We tested a number of differ- 
ent designs of the furnace and the 
heating elements. The best results 
were obtained with the furnace dia- 
gramed in Fig.1. The heating ele- 
ment 11 consists of two sections of 
ordinary 8 mm diameter Silit rod. 
The sections are shaped as shown in 
the insert in Fig.1. The thin cyl- 
indrical parts are in direct contact, 
and in the center there is an open- 
ing for passage of the specimen Shy 
The thicker parts of the rods have 
flats on one side and are held in 
contact by the aluminum clamps l. 
The heater is housed in the foam 
fire clay block 10, which has a 
cross-shaped space for the rod as- 
sembly and the specimen. This space 
is coated on the inside with a high 
Fig.1. Design of furnace. Insert below - alumina lining. Two openings 12 are 
shape of the Silit rods. provided for observation of the hot 

zone. These openings are covered 
on the outside with mica windows to reduce the flow of cold air through the fur- 
nace. From above the working space is closed with an alumina ceramic plug 3. The 
entire furnace is mounted on the base 4 which can be moved up and down along the 
guide rails 9 by means of the lead screw 5. The thermal regulator is controlled 
by a platinum-platino rhodium thermocouple 9, the hot junction of which is in con- 
tact with the heater rods at some distance from the hottest point. The specimen 
8 is mounted in Silit holders 7 and 12. The upper holder 7 can be rotated at 
the rate of 2 rpm to provide stirring action in the melting zone. 

After mounting the specimen in the furnace, the temperature is slowly raised 
to the melting point of the specimen. Initially the temperature is monitored by 
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means of the thermocouple 9 (Fig.1) and then main- 
tained at the desired level by the thermal regu- — 
lator. When the feed mechanism is set into opera- 
tion, the melting zone moves over the specinen. 
If desired, rotation of the upper holder is start- 
d. 
. For working by the Verneuil technique the 
upper holder is replaced by a powder feed device. 
The rotation mechanism is transferred to below the 
furnace and into its holder is inserted a receiver 
plug with (or without) a seed. 

The powder feed device is diagramed in Fig.2. 
The use of a vibrating conveyor and hopper provide: 
for satisfactory control of the powder supply rate. 
We call attention to the tendency of very fine 
barium titanate powders to conglomerate and cake; 
hence for more uniform feed it is desirable to 
use powders with a grain size of 20-30 wu. This 
grain size insures a free-flowing powder. 

In the process of developing the equipment 
we carried out preliminary experiments on zone 
melting of samples of solid solutions of BaTi03 + 
+ 5% SrTi03 and fusing of barium titanate powder. 
The results were generally satisfactory. It was 
found that the molten material is well retained 
Fig.2. Powder feed mechanism: between the solid phase particles and that the 


1) housing, 2) hopper, 3) specimen does not darken, which indicates a suf- 
hopper electromagnet, 4) hop- ficient supply of oxygen in the working space of 
per spring, 5) vibrating con- the furnace. 

veyor, 6) conveyor electromag- Preliminary tests showed the presence of 


net, 7) funnel, 8) inlet and large single crystal blocks in specimens that had 
outlet connections for cooling passed through the furnace and almost complete 
water, 9) water cooled jacket, absence of gaseous inclusions. Dielectric measure- 
10) tube carrying powder into ments showed increased nonlinearity of the speci- 
the furnace. mens as compared with the initial ceramic. 

In working by the Verneuil technique there 
were obtained fused globules of BaTi03. The experiments were carried out without 
inoculation. The structure of the resulting specimens was coarse crystalline with 
a minor amount of pores. It should be noted that in working by the Verneuil tech- 
nique the furnace has to be maintained at the maximun temperature in order to in- 
sure fusing of the powdered material which is fed into the furnace cold. This 
leads to appreciable overheating of the rods so that their service life is reduced 
to 5-6 hours. The service life in working by the Verneuil technique is also 
shortened because a certain amount of BaTi03 powder inevitably comes in contact 
with the Silit rods. 


I desire to express my gratitude to A,L.Khodakov for guidance and assistance 
in the work. 
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Fig.3. Equipment for preparing ferroelectric single crystals: a) general view of 
the equipment, b) furnace with device for working by the Verneuil technique, c) 
furnace with device for zone melting. 
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CONCERNING THE ELECTRIC CONDUCTIVITY OF BARIUM TITANATE AND SOME BARIUM 


TITANATE BASE SOLID SOLUTIONS 
- E.V.Sinyakov & B.K.Chernyi 


Investigations of the temperature dependence of the conductivity of alkaline 
earth metal titanates with the perovskite structure show that the activation ener- 
gy in the region of intrinsic conductivity is only weakly dependent on the biva- 
lent cation.!,2 Table 1 lists the values of the activation energy U for the alka- 
line earth metal titanates according to the data of Ref.1 and our measurements 


for BaZr03 and SrZr03. 


Table 2 

ao Conecentra- | Concentra- | 
—_—$—— tion BaZrO,| U, ev ttion BasnQo| U, ev 

| i ae | wie,% | ee ae 

S os Ou D— U eres : 
eres | ae | stance [~?<¥ 

ee ee = Sic ee 0 4,84 0 4,70 
10 AS9 10 1,85 


BaTiOs 1,83 BeTiOs 1,88 920 1/96 40 2/98 
CaTiOs 1,82 BaZrOz 2,90 30 2/04 60 2/98 
SrTiOg 1,70 SrZrOz 2,40 40 2.43 

60—100 2,40 


On the other hand; the presence of a tetravalent cation has a significant 
influence on the activation energy of alkaline earth perovskites. Thus, for ex- 
ample, in the case of Ba(Ti,Zr)03 and Ba(Ti,Sn)03 solid solutions, the activation 
energy increases with increase of the BaZr03 and BaSn03 concentration. The values 
of the activation energy in these series of solid solutions according to the data 
of Novosil'tsev & Khodakov3’, are shown in Table 2.* 

Thus, in view of the cited data on the activation energy for alkaline earth 
perovskites it may be inferred that the conduction band in barium titanate is 
formed of Ti ion levels. 

Of interest in this connection are the results of Blokhin* on the K absorp- 
tion spectra of titanium in barium titanate. It follows from Blokhin's results 
that the conductivity of barium titanate is due to the tunnel effect in the 3d 
bands and to passage of electrons over the potential barriers. On the basis of 
this scheme it would follow that in the temperature region where the activation 
energy is 1.75-1.80 ev the conductivity should be primarily of the n-type rather 
than of the p-type. Our measurements of the thermo-emf coefficient, as well as 
the measurements of other authors2, show, however, that the thermo-emf coeffici- 
ent in the temperature region where the activation energy is 1.75-1.80 ev corre- 
sponds to hole type conductivity. Consequently, the scheme proposed by Blokhin4 
does not fully correspond to the actual conductivity mechanism in barium titanate. 

It follows from the proposed scheme, however, that the 3d band is only par- 
tially filled and this means that in the 2p band of the oxygen ions there are un- 
occupied levels, which may be responsible for the inferred hole conductivity of 
barium titanate. 

In investigating optical polarization of barium titanate Van Santen & Boer® 
calculated the energy of the electron transitions from the oxygen ions to the 
titanium ions. They found that the transition energy is 2 ev. Inasmuch as the 
optical transition energy is greater than the thermal activation energy, it may 
be inferred that the activation energy of 1.75-1.80 ev, calculated from the tem- 
perature dependence of the conductivity of barium titanate, represents the width 
of the forbidden band between the normal band (which we take to be the 2p band of 


U 
*The activation energy was Calculated by means of the formula 6 = Ae iT. 
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the oxygen ions) and the 3d levels of the Ti ions. 
log o,obm-2 on-t In this case the mobility of the holes in the 
v7, normal band will be greater than the electron 
mobility in the 3d band since the latter is di- 
vided by potential barriers. This explains why 
hole type conductivity is observed in barium ti- 
tanate. Probably a similar conductivity mechanism 
obtains in CaTi0g and SrTi03 because in them the 
sign of the thermo-emf coefficient corresponds to 
hole type conductivity, while the magnitude of 
the thermo-emf is almost the same as in BaTi0g. 
Measurements carried out in the work of Ref. 
5 and in the present study show that the conduc- 
tivity Oo of barium titanate with approach to the 
Curie point increases, attains a certain maximum 
value and then decreases, i.e., in the region of 
-3 the Curie temperature there is observed an anoma- 
19 23 27 105/T lous jump in the conductivity. The log o = era) 
curves recorded for barium titanate and barium 
Fig.l. Variation of log o with titanate doped with small amounts of impurities 
1/T for different impurity con- are shown in Fig.l. The impurities were intro- 
centrations in barium titanate duced for the purpose of lowering the Curie tem- 
(the curves are identified in perature, i.e., to see whether the change in con- 
Table 3). ductivity follows the phase transition point. The 
data on the impurity concentration, the resultant 
Curie temperature and the resistivity are listed in Table 3. 

It will be evident from Fig.1 that the variation in conductivity is correlated 
with change in the Curie temperature of the investigated specimens. An increment 
in conductivity at the Curie point is observed in the region of impurity conducti- 
vity and decreases with increase of the latter. Thus the higher the impurity con- 

sductivity the less significant is the effect of addition of charges into the con- 
duction band as regards its behavior in the region of the Curie temperature. / At 
an appreciable value of the impurity conductivity no noticeable increase in elec- 
tric conductivity at the Curie point is observed. Also, no increase in electric 
conductivity is observed for compositions which have a Curie region rather than 
a Curie point. The jump-like increase in electric conductivity is observed both 
in heating and in cooling the barium titanate specimens. Consequently, the ef- 
fect of increase in electric conductivity in the region of the phase transition 
is primarily a result of rearrangement of the lattice and lowering of the conduc- 
tion band.7? 


Table 3 
we Be ee 
P, ohmeem 
Curve No. Impurity concentra-| 9 oo 
in Pig. 1) tion, wt., % i at t= 185° at t=84° 
Se 
1 0 130 4,50-4029 3,417-4010 
2 0,3 CoO &1,0 B03 443) 7,80-409 7,95-1011 
3 0,4 CoO 116 4.25-10° 457-4032 
4 0,3 CoO 410 610-108 4 82.1011 
5 1,0 CoTiOs 424 3y00-A0® 4,15:10" 
6 2,0 CoTiOs A122 A OaAwe fe 3, 407102" 
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Conductivity of (Ba,Ni) (Ti,Zr)03 and (Ba,Co) (Ti,Zr)03 solid solutions 


: 1 The electric conductivity of the (Ba,Ni) (Ti, 
log 0, ohne cx” Zr)03 and (Ba,Co) (Ti,Zr)03 system was investigated 
in the temperature range from 50 to 260° in a 
field of 0.55 kv/em. The activation energy U, for 
the (Ba,Ni) (Ti,Zr)03 system, calculated from the 
maximum slope of the log o = f(1/T) plot at first 
increases sharply with increase of the Ni0°Zr09 
concentration and then continues to rise slowly 
(Fig.2). The conductivity of this system decreas- 
es with increase of the Ni0°Zr05 concentration. 

In the (Ba,Co) (Ti,Zr)03 system the activation 
energy U, increases with increase of the Co0°Zr09 
concentration up to 30% and then begins to de- 
crease; the electric conductivity, on the other 
hand, monotonically increases, the rate of in- 


cs mi 40 Ly crease becoming particularly noticeable beginning 
NiZrO,“(,,CoZr0, ), mole % with 30% CoO*Zr0g (Fig. 2). 
ES Taare) X-ray diffraction studies of the (Ba,Ni) (Ti, 
Fig.2. Variation of the con- Zr)03 and (Ba,Co) (Ti,Zr)03 systems carried out 
ductivity at t = 181°C (1,3) earlier8,9 and in the present work by means of a 
and the activation energy (2,4) URS-50I diffraction camera showed that in the 
with the composition of the (Ba,Ni) (Ti,Zr)03 system the zirconium tons enter 
solid solution: 1 & 2 - into the BaTi03 lattice in the entire investigated 
(Ba,Ni) (Ti,Zr)03 and 3 & 4 - concentration range (from 0 to 50 mole percent). 
(Ba,Co) (Ti,Zr) 03, When the Ni0*Zr09 concentration attains 15% there 
appear in the diffraction patterns lines corre- 
a, mv/degree sponding to the structure of NiTi0g, 


In the (Ba,Co) (Ti,Zr)03 system there form 
solid solutions up to a Co0*Zr09 concentration of 
30%; above this concentration there appear lines 
characteristic of Co0*Zr0o. 

Thus in the region of formation of solid solu 
tions in the (Ba,Ni) (Ti,Zr)03 system decrease of 
the electric conductivity is connected with re- 
placement of the Ba ions by Ni ions, while in the 
(Ba,Co) (Ti,Zr)03 system replacement of the Ba ions 
by Co ions leads to increase of the conductivity. 
The radii of the Ni and Co ions (ryj::= 0.78 A, 


Fig.3. Variation of the and 7¢o:1= 0.82 A) differ little; hence this con- 
thermo-emf coefficient with trary influence of Ni and Co ions on the conduc- 
log o for the (Ba,Co) (Ti, tivity of the investigated compositions (in the 
Zr)03 system. The figures region of formation of solid solutions) is proba- 
at the curves indicate the bly connected with filling of the electron shells 
CoZr03 concentration in of these ions (the 3d® shell in Ni2* ang the 3d‘ 
mole percent. shell in Co2*), 


The thermo-emf was measured on the same speci: 
mens as the electric conductivity. The measurements showed that the thermo-emf 
coefficient of barium titanate changes sign at 184° (temperature of the hot junc- 
tion). Below this temperature barium titanate has n-type conductivity; above 
this temperature p-type. The log 6 = f G/T) plot exhibits a break in the tempera- 
ture region corresponding to the change in sign of the thermo-enf. 


-Bi 25 ie 


In (Ba,Ni) (Ti,Zr)03 and (Ba,Co) (Ti,Zr)03 solid solutions with increase of 
the NiO*Zr09 and Co0*Zr09 concentration to 15% the sign of the thermo-emf corre- 
sponds to n-type conductivity in the entire investigated temperature interval. 

In compositions containing 15% or more NiO*Zr0 9 and Co0:Zr0g the thermo-emf co- 
efficients decrease and change sign. With increase of the impurity’ concentra- 
tion the point at which the thermo-emf changes sign shifts to the side of lower 
temperatures. For 50% BaTi03 + 50% CoZr0g the sign of the thermo-emf in the en- 
tire investigated temperature range corresponds to hole type conductivity. This 
is apparently connected with the presence in this material of a large amount of 
undissolved Co0*Zr09, inasmuch as the sign of its thermo-emf in a wide temperature 
range corresponds to hole type conductivity. 

For barium titanate and (Ba,Ni) (Ti,Zr)03 and (Ba,Co) (Ti,Zr)03 solid solutions 
there obtains the relationship @ = A - C log o (Fig.3), characteristic of impurity 
semiconductors!90 (q@ is the thermo-emf coefficient, 6 is the conductivity, and A 
and C are constants). It is interesting to note that the value of the constant C, 
obtained in the present work for (Ba,Co) (Ti,Zr)03 specimens is close to the theo- 
retical value (2°107%). For barium titanate and (Ba,Ni) (Ti,Zr)03 solid solutions 


the experimental value of the constant C is 3-4 times greater than the theoretical 
value. 
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DOPING 
OLLING THE CONDUCTIVITY OF LEAD METANIOBATE BY 
CaP te - V.M.Gurevich & I.S.Rez 


It is known that ferroelectrics with PbNb20g as the base material that are 
characterized by a high Curie temperature Tc have a tendency to lose their piezo- 
electric activity at temperatures that are sometimes substantially lower than Tc. 
The most probable reason for this loss in plezpelec tne: activity is increase of 

ures above 250-300°. 
ea aa MR a Pea oa ° One of the means for reducing the con- 
ductivity is introduction of small amounts 
of impurities. In our experiments we used 
high purity PbNb90g with Tc ~ 560-5809; this, 
as might have been expected, did not exhibit 
piezoelectricity. We investigated the ef- 
fect of Lit, K+ and La3* introduced in 
amounts from 0.01 to 0.4 atomic percent rela- 
tive to the replaced ions. It may be as- 
sumed that the La3t and Kt replaced Pb 
(the ionic radii are, respectively, 1.14, 
1.33 and 1.2 A), and that the Lit replaced 
Nb°t? (ionic radii 0.68 and 0.69 A, respect- 
ively). Inasmuch as the nature of the bonds 
in PbNb20g is not known, we provisionally, 
by analogy with covalent semiconductors, as- 
sume that La3t is a donor and Kt and Lit are 
acceptors. The influence of La3t and Lit 
on the conductivity of PbNb20g is shown in 
the accompanying figure. The introduction 
of K+ had no effect on the conductivity; 


a 700 200 500 400 500 t,°E this could be explained by the fact that 
Fig.1. Temperature dependences of owing to conditions of preparation one of 
different PbNb90g specimens: 1 & the initial oxides, namely, Nbo05, already 
2) PbNbo0g synthesized from differ- contained some K+ impurity. 
ent materials, 3 & 4) PbNb90g com- It must be noted that lead metaniobate 
position corresponding to curve 2 specimens synthesized from different initial 
but doped with La3t+ and Lit, re- materials differ appreciably as regards 
spectively. their conductivity, apparently due to minor 


differences in impurity content. This again 
substantiates the possibility of controlling the conductivity by doping. On the 
basis of the accepted classification for the utilized impurities it may be infer- 
red that the conductivity in the investigated PbNb90g is of the p-type. Prelimin- 
ary measurements of the sign of the thermo-emf in control PbNb20g specimens (i.e., 
without the addition of La3+, Kt or Lit) substantiated this inference. 

The recommendations made on the basis of the present study were utilized in 
the work of Smazhevskaya & Podol'ner! in preparing piezoelectrically active PbNb90 
base specimens with a high Curie temperature, and, according to preliminary data, 
yielded positive results. 


We are grateful to R.M.Lerman for determining the optimum sintering conditions. 
Reference 
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SOME PHYSICAL PROPERTIES OF VACUUM ANNEALED POLYCRYSTALLINE BARIUM TITANATE 


In the course of developing the technology* for high quality BaTiO; ferro- 
electric ceramics it was found that sintering in an oxygen-poor medium (closed 
capsule or well sealed furnace) leads to darkening of the specimens. At the same 
time the electric conductivity and dielectric loss of such specimens increase. 

Similar effects were observed earlier!,2 for rutile, which as a result of 
roasting in a reducing medium becomes an n-type semiconductor. 

; Determination of the nature of the processes evinced externally by blacken- 
ing of BaTi03 ceramic is of undoubted interest and involves extensive investiga- 
tion of the physical characteristics of the material. Yet so far there have been 
very few studies of the influence of heat treatment in a reducing medium on the 
tsa of oxygen-containing ferroelectric ceramics. (See, for example, Refs. 

On the other hand, comprehensive investigation of blackened BaTi03 and simi- 
lar substances can help determine the range of application of such semiconductor 
ceramics with controllable properties. 

In the present report we give the results of investigation of some of the 
physical properties of polycrystalline BaTi03 subjected to repeated heating under 
vacuum. 

The specimens were prepared by the usual ceramic procedure of analytic re- 
agent grade BaCO3 and Ti09g. The synthesis temperature was 1200°. The ceramics 
were sintered in a Silit furnace with a holding time of 2 hours at a maximum ten- 
perature of 1380°. 

For vacuum heating there was constructed a special small portable furnace 
with an enclosed molybdenum heater, which was installed under a vacuum bell. In 
this furnace it was feasible to roast pellets up to 2.5 x 2.5 x 0.5 cm at tempera- 
tures up to 1200°. 

For roasting specimens at temperatures higher than 1200° and in using longer 
holding times we employed a TVV-2 vacuum furnace with the same vacuum (10-4 mm Hg). 
Different batches of specimens differed as regards the vacuum roasting temperature 
- from 800 to 1280° - and holding time at maximum temperature - from 0.5 to 24 
hours. 

The color of vacuum roasted specimens varies from bluish-grey to grey-black 
and depends primarily on the roasting temperature. The darkening is a volume ef- 
fect; the color is uniform throughout the thickness of the specimen. Noticeable 
darkening begins at temperatures of the order of 760-780°. 

Inasmuch as the result of sintering in a reducing medium, in particular under 
vacuum, polycrystalline BaTi03 changes its properties and acquires a character- 
istic dark color, hereinafter for the sake of brevity we will refer to it as 
"black barium titanate” by analogy with the use of the term "blue" for partially 
reduced titanium dioxide. 

Investigation of the temperature dependence of the dielectric constant, the 
data of x-ray diffraction studies and the results of dilatometric measurements 
show that black BaTi03 is also basically a ferroelectric ceramic. In addition, 
however, it acquires a number of properties characteristic of semiconductors, in 
particular, a substantially higher electric conductivity than ordinary yellow 
BaTi03. = 

‘The electric properties of black BaTi03 were investigated in de fields from 
1 to 400 v/em. Our measurements showed that with increase of the temperature and 

*The research program was carried out under N.S. Novosil'tsev and A.L. Khoda- 
kov in the laboratory of Rostov University. 
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duration of vacuum annealing the conductivity 0 
increases. Thus at room temperatures specimens 
blackened at T = 1100-12009 have a conductivity 
of 10-5-10-6 mho/em, which is some 109-106 times 
higher than the conductivity of ordinary (not 
vacuum roasted) BaTi03. The conductivity of 
samples vacuum roasted at T = 800° is only 10-9 
mho/cm. 

The holding time in vacuum at a given tempera-. 
ture also affects the conductivity but to a much 
lower degree. For example, the conductivity of a 
sample roasted at T = 1200° for 5 hours was 
0.3°10-5 mho/em, whereas that of a sample roasted 
at the same temperature for 24 hours was 2.5-1079 
mho/em, i.e., one order of magnitude higher. 

With increase of the temperature the conduc- 
tivity of black BaTi03 increases exponentially. 
For all specimens a break is observed in the ln 
o = f(1/T) plot at about 160°, indicating a change 
in the nature of the conduction mechanism (Fig.1). 
Fig.l. Temperature dependence Above the break the slope of the In o = f G/T) 


1 2 3 10°/T 


of the conductivity o of line for all the specimens is nearly the same. 
BaTi03 specimens subjected The activation energy calculated from the slope 

to different vacuum heat of the plots above the break points is 0.9-1 ev, 
treatments: 1 - sample No.9 and increases only slightly with increasing vacu- 
(T = 11009, t = 2 hr), 2 - um roasting temperature. A somewhat greater scat- 
sample No.3 (T = 11509, t = ter in the values of the activation energy calcu- 
= 2 hr), 3 - sample No.13 lated from the slopes of the lower part of the 
Ciel SOC Cet =e 5 hr). 4 In 0 = f(1/T) plots (0.3-0.6) is presumably con- 
sample No.14 (T = 1180°, t = nected with contamination of the specimens by 

= 24 hr). chance impurities in the process of roasting. 


The above results pertain to specimens blackened by 
vacuum roasting two years ago. Repeat roasting of these 
specimens resulted in increase of their conductivity by 
about one order of magnitude with no noticeable change in 
the activation energy. Thus apparently with the passage 
-y / 2 of time the resistance of black BaTi03 increases, i.e., 
the specimens age (Fig.2). 

In order to determine the nature of the current car- 
riers in black BaTi03 we determined the sign and magnitude 
of the thermo-emf of the ceramic specimens taken in pairs 


13 with applied metallic electrodes. The results indicate 
that in the temperature range from 20 to 400° black BaTi0g 
5: is electronegative and is, consequently, an n-type semi- 
~16 conductor. 
Z 3 04/7 


The thermal conductivity of specimens with different 
Fig.2. Temperature de- degrees of blackening was determined at room temperature 
pendence of the con- by the procedure developed by A.F. and A.V.Ioffeo, It was 
ductivity o of sample established that with increase of the roasting temperature 
No.13 before (1) and the heat conduction coefficient x decreases (Fig.3). Where- 
after (2) repeat vacu- as for an ordinary unblackened specimen, x = 1,1-1072 cal/ 
um heating. /cm: sec* degree, as the result of successive roastings at 
increasing temperatures the value of x falls off to 0.6- 
-1072 cal/cm* sec*degree. 
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Roasting of a specimen in air (oxidizing 


Peet) reer accre: medium) for a period of 6 hours at 1150° led to 

14} 7 increase of its thermal conductivity to a value 
close to that obtained for the same specimen 

40 prior to blackening. At the same time, heating 

08 in air re-established all the other properties 
of the specimens, including its color: it became 

G2 


virtually undistinguishable from ordinary BaTi03 


EAS oP at © op K 
Qo 200 400 600 800 1000 1200 4007,C ceramic. 


Fig.3. Variation of the heat Conclusions 

conduction coefficient with 

the vacuum roasting tempera- The experimental data indicate that the semi- 
ture. 


conductor properties of BaTi03 subjected to vacu- 
um roasting, like the properties of "blue" titani- 


um dioxide, are due to partial reduction leading to the formation of oxygen vacan- 
cies localized at the lattice sites. These vacancies play the role of a donor im- 
purity so that the material exhibits n-type impurity conductivity. 

The degree of reduction is so small (in any case less than 0.1%) that the 
specimen exhibits no detectable loss in weight as a result of roasting. For re- 
liable interpretation of the decrease in thermal conductivity in the process of 
reduction it is necessary to carry out additional research and in particular to 
investigate the temperature dependence of the thermal conductivity. 


l. 
2. 
3. 
4. 
5. 
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INFLUENCE OF COMPRESSION ON POLARIZATION PROCESSES IN FERROCERAMICS 
- V.Z.Borodin 


There have been a number of studies!-3 of unilateral pressure - compression 
- on the dielectric properties of ferroelectric ceramics. It was found that in 
the case of compression in the direction of the applied electric field the change 
in the properties of the ceramic in strong fields amounts essentially to decrease 
of the spontaneous polarization.1 Experimental investigation of the deformation 
under compression shows that the fraction of domains switched 90° is small and is 
of the same order of magnitude as the fraction of domains switched by a strong 
electric field (approximately 13% under a compressive stress 0 of 309 kg/cm?) . 
Izhak3 observed decrease of the dielectric constant € with increase of the com- 
pressive strength in the direction of the field (longitudinal compression) and 
increase of € with increasing stress in the perpendicular direction (transverse 
compression); in the former case the maximum of € in the € vs E curve is shifted 

5 to the side of stronger 
P_,» Hcoul /em fields, while in the lat- 
ter case the shift is to 
the side of weaker fields. 
In the last case in strong 
fields there is observed 
some weakening of the o 
dependence of €. 

In the present work 
the influence of compres- 
sion on polarization pro- 
cesses was investigated 
by the oscillographic tech- 
nique. We plotted the 
polarization curves (Pp = 
= f(Ep)) for different 
values of oO on the basis 
of the peaks of the hys- 
teresis loops. The curves 
were recorded both for in- 
creasing amplitude of the 
field Em (forward varia- 
tion) and for decreasing 
field amplitude (reverse 
variation). In switching 
the electric field was in- 
creased by the same value 
at equal time intervals 
(10 min) , which enabled us 
to judge of the time varia- 
tion of the polarization 
under the influence of an 
applied field for two con- 
2 4 5 r 108, kv/on secutive measurements of 


Pm. We also recorded th 
Fig.1. Polarization curves with longitudinal com- Pa = f (>) curves for ates 


me cea ey : = 0, 2@=-Ce sh kg/em?, 3 - o = ferent values of En. We 
2 g/cm“, - 0 = 370 kg/cm*. investigated the behavior 


10 
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Fig.2. Variation of total polarization with compres- 
sive stress: 1) Em = 0.3 kv/em, 2,5,7 & 9) Em = 1.4 
kv/em, 3) Em = 2.2 kv/em, 4 & 8) Em = 3.0 kv/cm, 6) 
Em = 0.7 kv/fem. 1-5 - transverse compression, 6-9 
- longitudinal compression. Curves 5 & 9 were re- 
corded after the specimen had been subjected to a 
10 kv/em field for a prolonged period. 


of the differential dielec- 
tric constant €g as a func- 
tion of the applied field 
and the degree of compres- 
sion by observing the so- 
called "current loops" 
which characterize the 
variation of the instan- 
taneous current flowing 
through the capacitor with 
the instantaneous strength 
of the applied field.4 

We investigated cera- 
mic specimens of BaTi03, 
BaTi03-BaSn03 solid solu- 
tions and Varikond, a new 
ceramic material with en- 
hanced nonlinear character- 
istics. Below we give the 
data obtained for BaTi0.; 
similar regularities were 
observed for the other 
materials. 

The polarization curves 
in the case of longitudinal 
compression are shown in 
Fig.l. As will be evident 
from the figure, with in- 
crease of o the total polar- 
ization decreases, the Pm = 

(Em) curves become less 
steep, and the point of 
inflection corresponding 
to the maximum of €y is 
shifted into the region of 
higher fields. With in- 
crease of 0 saturation is 
attained at higher field 
values. As for the time 
variation in the process 


of attainment of polarization, investigation of this effect showed that there is 
a maximum of the relative change in polarization with time in a certain field 
region corresponding to transition from the Rayleigh field dependence of P to the 


usual hysteresis loops. 
and shifted to the side of higher field values. 


crease of the field at first becomes stronger and then gradually weakens. 


With increase of o this maximum is smeared out somewhat 
The o dependence of Py with in- 


Ceramn- 


ic specimens poled beforehand in a strong electric field yield a stronger 0 de- 
pendence of Py (Fig.2). Thus whereas prior to treatment with a strong field the 
relative change in polarization — a averages 1.4-10-4 cm2/kg, after treatment 


0 


with a 10 kv/em field, the relative change increases to 6.4°1074 em2/kg, and the 


o dependence of Pm becomes nonlinear. 


Compression results in decrease of €g and 


the €qg maximum is smoothed out; the greatest variation in €g is observed close 


to the €g maximum. 


In relatively weak fields (E <3 kv/cem) for non-poled speci- 


mens there is observed some change in the character of the E dependence of €q 


(Fig. 3). 
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Fig.4 gives two curves 
for polarization in the di- 
rection perpendicular to 
the compression axis (for 
co = 0 and 420 kg/cm?). It 
will be seen that for the 
specimen under compression 
the Pm vs Em curve in weak 
fields lies above the Oo = 
= O curve, but then with 
increase of the field ap- 
proaches the o = O curve, 
intersects it and at high 
fields, lies below it. On 
the other hand, the curve 
recorded in a decreasing 
field consistently lies be- 
low the initial, Oo = O curve. 

In the transverse com- 
pression case, the 0 de- 
pendence of Pm depends on 
the order of application of 
the field and stress. If 
at first one applies a strong 
field and then compresses 
the specimen, the polariza- 
tion curves coincide with 
the initial, o = O curve, 
up to o = 400 kg/cm, and 
then with further increase 
of o the polarization gradu- 
ally begins to fall off. In 
the case of transverse com- 
pression the maximum of the 


eoul/en” 


tn 


10 


a ij 4 6 8 10 E, kv/cm : 
relative change in polariza- 

Fig.4. Polarization curves with transverse compres- tion with time is shifted 

BPG 0. 2 0 = 420 kg/cm, to the side of weaker fields. 


The curves characterizing 
the variation in polarization as a function of the pressure at different values 
of Em are consistent with the polarization curves (Fig.2). In ceramics not sub- 
jected to the action of a strong field beforehand, the polarization increases with 
increase of 0; the 0 dependence of Py becomes stronger with increase of Em in the 
range of fields weaker than the field corresponding to the maximum relative change 
with time. In stronger fields, the 9 dependence of Py, weakens with increase of Ey 
and changes in character: there appears a smeared out maximum in the Py vs Oo curve, 
and with further increase of 0 the initial increase of P, is replaced by consistent 
decrease of the polarization. In ceramic specimens treated beforehand in a strong 
field, the polarization, as a rule, slowly decreases with increase of 06 in all 
fields except very weak fields (E < 0.2 kv/cem), where the relative change in polar- 
ization is almost independent of preliminary poling. Transverse compression facili- 
tates compliance of the ceramic specimen under the influence of an electric field 
and therefore greatly alters the character of the field dependence of €g; as a re- 
sult of transverse compression the magnitude of €g increases appreciably (Fig.3). 
In ceramics subjected to treatment with a strong field beforehand there is observed 
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with increase of pressure smoothing out of the maximum of €g and shift eee 
maximum to the side of weaker fields. Measurements carried out on aged weeks 
specimens showed a stronger dependence of Pm on 0 one ae by specimens 
heated beforehand (relative change 5 are = 11°10 cm“/kg) . 


It follows from thermodynamic theory that if a crystal is compressed in the 
direction of the spontaneous polarization vector P, at a certain critical value 
of the stress Ocyr, the state of the crystal becomes unstable, and it abruptly goes 
over into a new state with the direction of P, differing from the Be ae oe by 
90°. On the other hand, it has been shown in a number of investigations“: that: 
the process of polarization in ceramic barium titanate is almost wholly Seon 
by 180° domain rotation. The value of the external electric field at which 180 
switching of the polarization vector in each individual domain occurs is deter- 
mined by the condition Ecos%;= Egy, where the critical field Ecy depends on the 
temperature, the dimensions of the domain, the presence of internal stresses and 
electric fields, etc., and 0; is the angle between the direction of the applied 
field and the spontaneous polarization vector. 

Using the relations between the parameters of a ceramic and a corresponding 
single crystal given by Bogdanov et al? and Kholodenko & Shirobokov8 , introducing 
the function f(Ecy) characterizing the distribution of domains in values of the 
critical field and neglecting 90° rotation9, we obtain the following field de- 
pendence of P (polarization curves) for domains characterized by the same value 


of Sor: 
for 6 = 0 E ee 
PO FV Nas rc) ]/ Lop) dE: eo) 
for 06 #4 0 (polarization along the compression axis) 
2e 
P, =0.5P, eS [1+— Sa) dE op; e = (-) E; (2) 
for 06 # 0 (polarization Ber pendicviee to the compression axis) 
P, =2P —P,. (3) 


As will readily be evident from Eqs.(1) and (2) the general form of the E de- 
pendence of P in the case of longitudinal compression persists but with a change 
in scale: the P = f(E) curve is "stretched out" in the horizontal direction (along 
the E axis) and "compressed" in the vertical direction. Physically this means 
decrease of the polarization and €q with increase of the compressive strength and 
shift of the €g maximum to the side of stronger fields, i.e., in this case there 
obtains qualitative agreement with the experimental data. In the case of trans- 
verse compression the polarization should increase with increase of o for any E 
and the greatest relative changes in polarization should occur in the weakest 
fields. At saturation the polarization curves for different o should be parallel. 

As was shown above, however, the experimental data in a number of cases yield 
qualitatively different results. These divergences as well as the effects not 
described by the theoretically deduced regularities can be satisfactorily described 
if we assume that in a ceramic specimen, owing to the presence of internal electric 
fields and mechanical stresses, there is a group of domains that are nearly un- 
stable and are incapable of going over into a new state under the influence of ex- 
ternal factors (field, compression). After treatment of the specimen with a strong 


” 


—er2o(5- 


sion in a ceramic not treated with a strong field there are rotated 90° the 
easily oriented domains that switch under the influence of a strong field; hence 
in this case the o dependence of P is weakened after treatment with a strong 
field. Moreover, strong inhomogeneous stresses appearing incident to compression 
apparently lead to decrease of the polarization and €q, enhancing the 0 dependence 
of P in longitudinal compression and weakening this dependence (or changing its 
character) in transverse compression. Fragmentation of the domains leads to op- 
posite effectsl!9, enhancing the o dependence of P in weak fields in the case of 
transverse compression and weakening this dependence in the case of longitudinal 
compression; this presumably explains the stronger 9 dependence of P as a result 
of transverse compression in the case of aged specimens. 

I desire to express my deep gratitude to A.L.Khodakov for guidance in the 


work and for valuable discussion of the results and to V.D.Komarov for preparing 
the specimens. 
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AND FERROTANTALATE 
SIC. PROPERTIES OF FERROELECTRIC LEAD FERRONIOBATE 
Soaai sato kts - V.A.Isupov, A.I.Agranovskaya & N.P.Khuchua 


There are now known to exist numerous ferroelectric Sou gore with the perov-: 
skite structure, forming in multiple component oxide systemsl- , for example, 
Pb3[MgNb2]09, Pbg(ScNb]0g, Pbo[MgW]0g and Pb3[FegW]09. A characteristic of aes 
ferroelectrics is simultaneous presence in the oxygen octahedra of di- and penta-,, 
tri- and penta-, di- and hexa-, and tri- and hexavalent ions. The diversity of 
di- and trivalent ions that may be situated in the oxygen octahedra offers exten- 
sive possibilities for investigation of the influence of different ionic charac- 
teristics (ionic size, electronic polarizability, structure of electron shells, 
etc.) on the ferroelectric state. In connection with this, study of the physical 
properties of the new ferroelectrics is of considerable interest. Actually, how- 
ever, they have scarcely been studied. In particular, little is known regarding 
the properties of PboFeNb0g (Ref.3) and PboFeTa0, (Ref.4). Lead ferroniobate has 
a Curie temperature close to that of barium titanate and hence it is of particular 
interest to compare its properties with those of BaTi03. Lead ferroniobate and 
ferrotantalate, owing to the presence of iron in the octahedral positions, must 
have a more or less appreciable magnetic susceptibility in conjunction with a high. 
dielectric constant. 

The present investigation was concerned with the physical properties of these 
two compounds. 

For synthesizing the specimens we used analytic reagent grade Feo03 and PbO, 
and niobium and tantalum pentoxides prepared by oxidation of metallic Nb (99.4%) 
and Ta (99%). The specimens were prepared by the conventional ceramic technique. 

For synthesis the mixtures were fired for 3 hours at 750- 

— tand 800°, The final ceramic sintering was carried out either 
in air or in an atmosphere of PbO vapor at 1050-1100° 
with a holding time of 20 to 60 min. Only specimens for 
which the loss in weight owing to volatilization of PbO 
did not exceed 1% were chosen for subsequent study. The 
surface porosity of the sintered ferroniobate and ferro- 
tantalate specimens did not exceed 8-10%. 

X-ray diffraction studies of powdered specimens in 
a 57.3 mm diameter camera showed that both the investi- 
gated compounds have the perovskite structure with lat- 
tice parameters equal to 4.00 A (the calculations were 
carried out on the assumption that the lattice was cubic). 

The temperature dependences of € and tan § at a fre- 
quency of 1 ke in weak fields are shown in Fig-l.. LG 
will be evident that in the case of lead ferroniobate € 
has a maximum at 110°, while for lead ferrotantalate the 
maximum of € occurs at -25°, These maxima correspond to 
ferroelectric phase transitions in the respective com- 
pounds. 

Measurements of the dielectric constant of lead 
ferroniobate at frequencies of 450 and 4500 kc showed 
that the temperature at which the maximum of € occurs 
does not depend on the measurement frequency. In this 
respect PboFeNb0g differs from such ferroelectric com- 
aaa — ee pounds as Pb3NiNb90g9 and Pb3MgNbo909, in which the loca- 


Fig.1. Temperature dependences of the dielectric constant (solid curves) and loss 


tangent (dashed curves) of lead ferroniobate (1) and lead ferrotantalate (2) ata 
frequency of 1 kc. 
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tion of the € peak is frequency dependent.1»° 
The dielectric polarization of lead ferronio- 
bate and ferrotantalate below the Curie point is a 
nonlinear function of the electric field (Fig.2). 
At -136° the values of the spontaneous polarization 
cag of lead ferroniobate and ferrotantalate are 5.3 and 
2.4 ucoul/em2, the total polarization 6.2 and 2.9 
ucoul/em2, and the coercive force 10 and 17 kv/cn, 
respectively. 
a F There are inflections in the A//] = f(T) curves 
at temperatures close to those of the € maxima; con- 
Fig.2. Dielectric hysteresis sequently these are obviously associated with the 
loops recorded at -163° for ferroelectric phase transitions (Fig.3). These tem- 
lead ferroniobate in fields peratures also correspond to minima in the linear 


Dio. Li, 25.5, 29.7 and expansion coefficient curves. The character of the 
34 kv/em (a) and lead ferro- temperature dependence of the elongation per unit 
tantalate in fields of 10, length indicates that the sign of the spontaneous 

20 and 30 kv/em (b). volume deformation and, accordingly, the volume elec- 


trostriction of both the investigated ferroelectrics 
is positive. 

For investigating the piezoelectric properties 
of lead ferroniobate the specimens were first polar- 
ized by holding in a 27 kv/cem field for 2.5 hours. 
The resonance and antiresonance frequencies of the 
radial oscillations monotonically decrease with heat- 
ing and approach to the Curie point, and at the Curie 
point go through a sharp minimun. The piezoelectric 
coefficient d;, at room temperature equals -1.7°108 
cegse units, which nearly agrees with the value of 
ds, for polycrystalline barium titanate. Near the 
Curie point the piezoelectric coefficient passes 
Fig.3. Temperature dependen- through a maximum. The values of the piezoelectric 
ces of the elongation per characteristics d;,/€ and (d;,-E)? of lead ferroniobate 
unit length A/l/] (solid cur- are close to the corresponding values for barium 
ves) and linear expansion titanate. 
coefficient Q@ (dashed curves) At room temperature the conductivity of lead 
of polycrystalline lead fer- ferroniobate is of the order of 10-8 mho/cm and 
roniobate (1) and lead ferro- hence appreciably higher (4-5 orders of magnitude) 
tantalate (2). than the conductivity of barium titanate. The char- 

acteristic break in the linear log p = f(1/T) plots 
occurs at 212°. The activation energy calculated for the 20 to 212° interval from 
the slope of the log p = f G/T) line is 0.76 ev; the activation energy for the 212 
to 350° interval is 2.3 ev. The sign of the thermo-emf for lead ferroniobate spe- 
cimens proved to be positive in the entire temperature range from 20 to 350 

In view of the values of the activation energy it may be assumed that at tem- 
peratures below 212° the conductivity is primarily of the impurity type, while at 
higher temperatures, intrinsic conductivity predominates. 

Apparently in the region of intrinsic conductivity the hole mobility is great- 
er than the electron mobility. Possibly the intrinsic conductivity is realized 
owing to partial transition of trivalent iron ions to the divalent state, leading 
to motion of the electrons over the iron ions (conduction band) and holes over the 
oxygen ions (valence band). In view of the fact that the oxygen ions are charac~ 
terized by close packing, the holes should readily migrate from one oxygen ion to 
another. The migration of electrons over the iron ions located in the oxygen 
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octahedra is hampered by the niobium ions, which are also located in the octahed- 
ral positions. Hence the mobility of the holes is greater than the mobility of 
the electrons. 

The magnetic susceptibility of a polycrystalline specimen of lead ferronio- 
bate at room temperature was found to be 120-1076, With increase of temperature 
the magnetic susceptibility decreases. The temperature dependence of 1/y is line- 
ar in a wide temperature range. In the case of a paramagnet 1/x% should be zero 
at OOK. Extrapolation of the 1/y = f (T) plot for a lead ferroniobate specimen 
showed that 1/y is not zero at 0°K,but is positive, which is characteristic of 
antiferromagnets. We could not, however, exclude the possibility of there being 
present in the specimen some ferromagnetic or antiferromagnetic impurity. In 
view of this, the nature of the high magnetic susceptibility of polycrystalline 
lead ferroniobate remains unclear. 

If lead ferroniobate at room temperature were ferro- or antiferromagnetic, one 
could expect the application of a strong magnetic field to produce a significant 
change in the dielectric constant of the specimen. Investigation of the dielec- 
tric constant as a function of the applied magnetic field (the magnetic field in 
one case was applied parallel to the electric field and in another case perpendi- 
cular to the electric field) showed, however, that within the limits of the experi- 
mental error € does not depend on the strength of the applied magnetic field up 
to 30 000 oersted. 

Thus our experiments have substantiated the existence of the compounds 
PboFeNbOg and PboFeTa0g with the perovskite structure and ferroelectric proper- 
ties. The spontaneous polarization of polycrystalline specimens of these com- 
pounds is apparently lower than that of barium titanate. Like barium titanate, 
lead ferroniobate and lead ferrotantalate have positive volume electrostriction. 
In contrast to BaTi03, these compounds do not have low temperature phase transi- 
tions (at least down to -190°). The piezoelectric coefficient d;, Of polycrys- 
talline specimens of lead ferroniobate has approximately the same value as the 
coefficient of barium titanate; the electric conductivity of lead ferroniobate 
is substantially higher than that of BaTi03. Lead ferroniobate specimens exhibit 
a high magnetic susceptibility. 

We take this opportunity to thank G.A.Smolenskii for his interest in the work 
and discussion of the results. 
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. PHYSICAL-CHEMICAL INVESTIGATION OF THE FORMATION OF COMPLEX FERROELECTRICS 
WITH THE PEROVSKITE STRUCTURE 


- A.I.Agranovskaya 


In Refs.1-3 Smolenskii and the writer considered in general terms the possi- 
bility of obtaining compounds of complex composition with the perovskite struc- 
ture in which there are present in the same sublattices ions of different valence. 
We gave some variants of the general chemical formulas for which one can expect 
formation of compounds of complex composition and listed the ions that can occupy 
the A and B positions in AB0O3 compounds with the perovskite structure. 

In the present report we give the results of synthesis of a number of com- 
pounds of complex composition and consider the mechanism of formation of such com- 
pounds in the specific cases of PbNi)/3Nb2/303, PbF ey 72Nby 72093; PbFe9/3W1/303, and 


PboMgWOg. The first three compounds are ferroelectric (Refs.2-5); the fourth is 
antiferroelectric®. 


Experimental Data 


Synthesis. By way of raw materials we used reagent grade pure barium, stron- 
tium, calcium and potassium carbonates and bismuth and lead oxides, and chemically 
pure sodium, magnesium and cobalts carbonates, titanium dioxide, lanthanun, nickel, 
and zinc oxides, and aluminum and tungsten hydroxides. Tantalum pentoxide was 
prepared by heating electronic grade tantalum containing 3% niobium; niobium pent- 
oxide was prepared by heating metallic niobium containing 99% niobium and 0.5% 
tantalum. The grain size of the initial materials was 3-5 microns. 

Synthesis of the specimens was realized by reaction in the solid phase. In 
Table 1 we list the general chemical formulas and synthesized compositions, the 
conditions of heat treatment, the dielectric characteristics of the sintered 
materials and the results of x-ray phase analyses. 

The x-ray diffraction patterns were recorded by the powder technique in an 
RPK 57.3 mm diameter camera (asymmetric film loading) using Fe filtered Co KQ x- 
radiation. As will be evident from Table 1 phases with the perovskite structure 
were obtained for all the investigated forms of the general chemical formulas. 

For some compositions in which there are simultaneously introduced into the octa- 
hedral position di- and pentavalent, as well as tri- and pentavalent ions, when 
A = Pb2t, there is observed the appearance of a phase with the pyrochlore struc-~ 
ture. In the process of synthesis these specimens lost an appreciable quantity 
of lead oxide owing to evaporation. It was impossible to reduce the loss of PbO 
even by roasting in an atmosphere of lead oxide vapor. The PbO content of the 
specimens was monitored by weighing before and after roasting.* 

In the x-ray diffraction patterns for the compounds of complex composition 
with the perovskite structure, aside from the lines of BagMgWOg and PboMgW0¢6, 
there were not observed any lines indicating ordered arrangement of the ions of 
different valence located in the oxygen octahedra. Galassa et al’ in investigat- 
ing complex Ba2t and Sr2* niobates and tantalates also did not observe ordering. 

For a number of compounds we determined the specific gravity by means of a 
pycnometer both for polycrystalline specimens and for single crystals grown by 
Myl'nikova. The results are listed in Table 2. Comparison of the pycnometric 
density with that deduced from the x-ray patterns substantiates the proposed formulas 

*In these cases a more successful procedure was growing single crystals from 
molten lead oxide; I.E, Myl 'nikova® by this procedure succeeded in obtaining a number 
of compounds with the perovskite structure that it was impossible to obtain by re- 
action in the solid phase. 
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Table 1 


Synthesis Structure 
composition 20°C Jat 20° KX j|of phase 
obtained 
i= 
H 
(AIT) 12 (AS*) 49] BYTO, 
Nay Bi, TiOg 1000 4100 | 3,88 |Perovskite 
Ky pBiyp iO. 1000 | 1080 | 3,94 | Perovskite 
Nay jpLaypTiOg 4100 1230 3,86 | Perovskite 
Ky lay ,Ti0; 4100 4220 Perovskite 
(poorly 
formed) 
AP*[(BE*) 17g (Bot) ag] Og | 
BaNij j3Nbo 33 1100(2) | 1250(0,5) 22 0,002 4,06 | Perovskite 
SrNiq)3Nbo 303 11002) | 1300(1) 2A <0,004 3,98 | Perovskite 
CaNii /3Nb9/303 4100(2) | 1300(1) 24 <0;004 3,88 | Perovskite? 
BaZn, 73Nbo/303 800) | 950(1) == _ 4,06 | Perovskite 
PDNiy /3Nbo (303 850(4) | 1450(0,5) | Ferroelectric 4,02 | Perovskite + 
@ = —120° + traces 
; pyrochlore 
PDM81/gNbo/303 850(4) | 4180(0,5) ee 4,04 | Perovskite 
PbNiy 37 ay 202 8002) | 10804) 19 } 0,003 Pyrochlore + 
| -- NiO 4 
-+ traces 
; perovskite 
PbMg, gTao/30, | 8002) | 14001) 40 0,005 | Pyrochlore + 
+ perovskite 
PbMn,/3Nb_/30; 8001) | 11001) 500 yas" Pyrochlore + 
+ perovskite 
PbCoj gNbo/303 800(1) | 11001) 350 4 | Pyrochlore + 
+ traces 
perovskite 
PbCuy gNbo 303 7004) | 9001) | Pyrochlore 
3 
AGT [(Bi*) 1p (BS*), 010, 
LR 13004) | 1450.) 23 0,44 t No 
afalj2* 24/223 1350 ‘ 
a / i / 5 : (14) | 1480(1) 90 0,54 Jreaction 
4/20 1/23 12501) | 4350¢4) 27 0,13 4,10 |Perovskite 
Rete 20s 125011) } 15001) 8 2g ait x 
an 1a Pies 13004) | 45004) | 104 | 0,0012| 4,17 " 
BaYby pT ay 20g 1350 
(4) | 1500(4) 41 = 4,16 " 
BaF ey Nbj 203 4000 7 
(2) | 1250 1) — e305 4,07 " 
BaFey pT ay 205 1000 
PbAL .Nb..O (2) | 4250(4) Pea >1 4,07 " 
204/23 1000(1) | 4120(1) G5 Sate 0, 0 Pyrochlor 
PbAI oT ay 90 ee 
/2°*42U3 10504) | 441504 51 0,03 . 
PbSey )2Nby 205 800 a 7 i 
(2) | 42704) | Ferroelectric 4,07 | Perovskite + 
= 90° + traces 
PDS¢ie lain Os pyrochlore 
Se 800(2) | 12704) | Ferroelectric | 4,07 | Perovskite + 
4 ® = 26° + oe 
VheeNbeeo pyrocniore 
472.4723 800(2) 900(2) | Antiferroelec-| 4,15 | Perovskite + 
trie, O= 280° + traces 
PbYD, Ta, .O pyrochlore 
freee: 800) | 900@} 43 | 0,012 | 4,13 | Perovskite > 
PbFe, .Nb, .0 ? 
1/2ND,)005 , + pyrochlore 
8002) [1150(0,5) Ferroelectric 4,00 | Baie 


@ = 445 


a 
; 
- 
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Table 1 continued 


Synthesis gas (ine oc Structure 
composition eS € a tan 6 a Kx | Of Phase 
synth. |sint. OS a ace obtained 
| | 
PbFe, Tay 203 | 8002) | 1150(0,5) | Ferroelectric 4,00 | Ferovskite + 
0@ = —30° + traces 
pyrochlore 
PbGay Nby 203 800(2) | 950(1) 25 0,012 Pyrochlore 
ATT (BU) y2(B3") ols} 
BaMgy 2W4 203 1100) | 41260(4) — — 4,045 2) Perovskite 
(super— 
: structure) 
BaNiy Wy 1.03 11004) | 13204) 3 0,02 4,04 | Perovskite 
poorl 
| formed. 
PDMgy 2W 4/293 700(4) | 1000(1) Antiferroelec-}| 4,0 Perovskite 
tric, @=40° (distortions? 
super— 
structure? ) 
2: 3 6 
ATT [(B}*) 973 (BE) 4/3] Og 
PbFes/3W 4/303 7004) | 880,14) Ferroelectric 3,97 | Perovskite 
00" 
3 2 4 
AY [(BE*) 472 (B2*) 42 O3 
LaMg, pT iy 203 1350(4) | 1500(1) _ | _ 3,95 | Perovskite 
Table 2 for the compounds. Steward & Rooksby® 


Composition 


PbNi, 5 
PbMg,/3 
PbFe,/, 
P boMgWO¢ 

PbFe, ,,W, /,0s 


Nby/g 


Nbo/g 


Os 
Os 
Nb, 0s 


cryst.e 
8,33 8,55 
7,82 8,12 
8,39 — 
ahs — 
S47 — 


PbN i, jgN Dog» 


ceramic 
PDNi,/3Nby/g03, 


single crystal 


Density 
Pyenometric 


x-ray 
abet: 


eryste 
et A i ee eee SS 


8,572 
8,18 
8,54 
9,39 
9,38 


66,29 


66,29 


Perc 


determined the density of BapCaWOg and 
also obtained satisfactory agreement with 
the theoretical value. They determined 
the atomic coordinates in this compound 
and showed that the Ca2* and wSt ions 
occupy the centers of the octahedra. 

The results of chemical analysis 
of a polycrystalline specimen and a 
single crystal of PbNij/3Nb9/303 agree 
with the proposed formula (Table 3). 
The analysis of the single crystal was 
carried out by N.N. Parfenova. 


Table 3 


ent by weight 
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’ The polycrystalline specimens for determination of the specific gravity and 
for chemical analysis were prepared by firing three times with intermediate grind- 


ing. After the final sintering no traces of the second phase (pyrochlore) could 
pe detected. 


Mechanism of Formation of Compounds of Complex Composition 
with the Perovskite Structure 


Hitherto there has been no published information regarding the mechanism of 
formation of compounds of complex composition with the perovskite structure in re- 
actions in the solid phase. Hence we undertook to investigate this mechanism as 
exemplified by the formation of PbNiy/3Nb9/303, PbFey/2Nb)/203, PbhFeg/3W1/303 and 
PbhoMgW0,, which represent the most interesting variants of complex introduction of 
ions. To this end we investigated the phase composition of the sinter products 
at different stages of synthesis. The roasting was carried out at different tem- 
peratures with a holding time of 2 hours at the maximum temperature and subsequent 
cooling with the furnace. We also tried quenching the specimens from the high tem- 
perature. This led to the same results. We also carried out x-ray phase analyses 
of the sinter products of some two component compositions. The results obtained 
are shown in Table 4, from which it will be evident that in the case of PbNij/3 
Nb9/303 and PbFe}/2Nbj/203 the first phase that appears in the course of the solid 
state reaction has the structure of pyrochlore. With increase of the sintering 
temperature there appears and increases in concentration a phase with the perov- 
skite structure; at the same time the lines in the diffraction patterns correspond- 
ing to the phase with the pyrochlore structure weaken and finally disappear. The 
set of lines in the diffraction patterns for sinter products obtained at 700-800° , 
corresponding to the phase with the pyrochlore structure, is similar to the set 
of lines in diffraction patterns for lead pyroniobate?. At higher roasting tem- 
peratures this phase yields a diffraction pattern more similar to the pattern for 
cadmium pyroniobate. 19 

In the lead magnesium-tungstate composition roasted at 500° there forms a 
“phase the diffraction pattern for which is similar to the pattern for PbW0O4, which 
has the structure of scheelite (CaW04). However, the reaction product is poorly 
crystallized and this inference must be regarded as only tentative. 

In the case of lead ferrotungstate, at the first stages of reaction there 
also appears a phase the structure of which is similar to the structure of pyro- 
chlore. So far it is not clear what the composition of this phase may be, but 
we tentatively assume that the chemical composition of this phase is character- 
ized by PboFe9/3W4/307- 

The formation of lead niobates also occurs via a number of intermediate 
stages. Thus when the mixtures 3Pb0 + Nbg05 and 2PbO0 + Nbg05 are roasted at 600° 


ae there forms the same so far unidentified 


PbO 
& 


é «Content of phase, which we provisionally designate 

bound PbO as phase X. When roasted at 700° both 

in PbNij/3 mixtures yield diffraction patterns agree- 

Nb2/303 ing with the diffraction patterns for lead 

sinter as pyroniobate with the structure of pyro- 

a function chlore?. Increase of the sintering tem- 

of the fir- perature does not change the appearance of 

ing tem- the patterns for 2Pb0 + Nbg05. In the case 

perature. of 3PbO + Nbo05 mixture a diffraction pat- 
tern corresponding to the compound 3Pb0° 
*Nbo05 is obtained only after firing at 
800°. 
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In addition to x-ray phase analyses, we also carried out chemical phase ana- 
lyses. This enabled us to follow the variation in the amount of bound PbO in 
PbNij/3Nb9/303 sinter as a function of the roasting temperature with a 2 hour 
holding time. The results are shown in the accompanying figure. The free lead 
oxide was extracted by 5 minute treatment with 1:5 acetic acid, which does not 
dissolve NiO and Nbo0s, and then precipitated in the form of the sulfate. Fully 
synthesized PbNij /3Nb9/303 as the result of the acetic acid treatment lost ~0.5% 
in weight. It will be evident from the figure that intense binding of lead oxide 
occurs at temperatures of 600-700°, Increase of the holding time at these ten- 
peratures to 10 hours does not lead to increase in the amount of bound PbO. In 
the case of sinters obtained at 600° free PbO is also evinced in the diffraction 
patterns. Thus it will be evident that the results of chemical phase analysis 
are not in conflict with the results of x-ray diffraction studies. 


Conclusions 


1. We synthesized compounds of complex composition characterized by the 
chemical formulas: 


[(Ar")y, (AS*)y,] B't0s, A°+[(B? 4), (BSt)y,] 05, A2+ [(B3+)1,x (BS*)y,] Os, 
ATT (BI), (BSt)y,) 0g, At [(B2)y, (BS),] 05, AZ (By, x (BE 1 Os. 


2. X-ray diffraction studies showed that for all the variants of these gener- 
al chemical formulas there can be obtained compounds with the perovskite structure 

3. We determined the lattice parameters and showed that, except for the com- 
pounds BagMgW0g and PboMgW0g, there is no ordering of the ions in the sublattices, 
i.e., the superstructure lines do not appear in the Debye patterns. 

4, We investigated the mechanism of formation of PbNi1/3Nb2/303, PbF e] /2Nb1/9 
03, PbFe9/3W1/303 and PboMgWOg. We established that in the case of the first 
three compositions there at first forms a phase with the structure of pyrochlore, 
then a second phase with the structure of perovskite. In the case of many lead 
compounds it is impossible to carry these reactions in the solid phase to comple- 
tion and obtain the corresponding perovskite type phase. In the case of PboMgW0g 
there apparently first forms a phase with the structure of scheelite. 

5. In the process of synthesis of 3Pb0*Nbo0s5 and 2Pb0*Nbo05 there also form 
intermediate compounds. 

I desire to express my deep gratitude to G.A.Smolenskii for his constant 
interest in the work. 


Institute of Semiconductors, 
Academy of Sciences of the USSR 
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ELECTRIC PROPERTIES OF SOME SOLID SOLUTIONS OF DIVALENT METAL NIOBATES 


AND TANTALATES 
- P.S.Mikhailov & B.A.Rotenberg 


Investigations!,2 of the properties of lead metaniobate and two-component 
solid solutions of rare earth metal niobates with replacement of the niobium by 
tantalum showed that increase in the tantalum content leads to weakening of the 
ferroelectric properties and appearance of relaxation characteristics. We felt 
it would be of interest to determine in greater detail the regularities obtaining 
in the three component solutions (Pb,Ba,Sr)Nb90g and (Pb,Ba,Ca)Nbo90g in the case 
of replacement of the niobium by tantalun. 3 

For purposes of the present investigation we chose the compositions (Pbo.5, 
Bao,1,8r0, 4) (Nbyj-x,Ta,) 90g (Hereinafter NBST) and (Pho, ¢,Ba9,9,Cap, 2) (Nby_x,Tax) 90, 
(hereinafter NBCT). The specimens were synthesized of chemically pure grade bari- 
um, strontium and calcium carbonates and lead oxide, and of niobium and tantalum 
pentoxides prepared by oxidation of 299% pure Nb and Ta. The synthesis was car- 
ried out by the usual ceramic technique, the mixtures with a high tantalum content 
being sintered in a protective atmosphere. We carried out measurements only on 
thoroughly sintered specimens; the quality of the sintering was checked by measur- 
ing the dielectric loss before and after moistening. 

The dielectric constant € and tan 65 of the specimens were measured at 1 and 
100 ke by the bridge procedure. The temperature dependences of € and tan 8 at l 
ke for the NBST and NECT systems are shown in Figs.1 and 2. It will be evident 
that compositions with up to 10 mole percent Ta have a clearly pronounced dielec- 
tric constant peak; in compositions with x = 0.3 there appears a second maximum 
RiBecceatsn Mateatad de ie ttepechart eeihcae e: the Ta content, the first maximum 
echt Ao aN oe ewE wie se coeres ceereon ngly promonent. For compositions 
with relaxational polarization?. All : a inciaeee bohatekiericca ele 
of the dielectric loss at rer tem oe atured whioktiertecinc ace en 

peratures, which is typical of solid solu- 
tions of PbNbg0g with rare earth metal niobates3. Measurements of the tempera- 
ture dependence of the dielectric constant at f = 100 ke showed that in these 
specimens there are actually observed relaxation type effects With incr z 
rae frequency the € maximum is shifted to the side of higher tempoatixes Sean 
shows the variation of 6m, the temperature of the e€ peak, at different frequencies 
with the concentration of Ta ions. It will be evident that for com be 
x ¢ 0.3 the temperature of the € peak is shifted somewhat with pana ie mae at 
cy, the magnitude of the shift increasing with increase of the Ta aone t Tre 
temperature of the second € maximum is strongly dependent pen x 
in this case the magnitude of the shift of @ y dependent on the frequency, but 
Ta content. m Changes little with increase of the 

Inasmuch as the i 
component systems, it pelea par Mere pono co nay fone 

em phases with 
eed ath WY differing from the known structure for (Pb ,Ba,Sr)Nbo0¢ solid solu- 

X-ray diffraction ph 
Ti, (babe be aRae Be oem ee te request by V.G, Prokhva- 
structural with (Pho 5 ,Bag 1;8r9 4) Tag0 soe (Pb SE: 20.2080, 2) Nb20¢ eres 
the structure of orthorhombic lead moTacienare pied dey Eesti 9 2) pee 
the ionic radii of Nbot and TaSt are pee -. ew of this and the fact that 
reliably whether the investigated pealiiai th iene cheater trea 2S EI 
geneous mixtures of the corresponding fbbatee a pibepiepiiemes cele) ES 
patterns, however, showed no evidences of hades Peieuvepa tee oa cree 

en 
could be responsible for the appearance of relaxation properties papers 
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Fig.1. Temperature dependences of € (solid lines) and tan 6 (dashed 
lines; x = 0.5) at 1 ke for NBST specimens. The figures at the curve 
indicate the relative tantalate content. 


300 £,°C 
~150 > 


Fig.2. Temperature dependences of € (solid lines) and tan & (dashed 
lines; x = 0.1) at 1 ke for NBCT specimens. The figures at the curve 
indicate the relative tantalate content. 
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Fig.3. Variation of 0,, the temperature of the 
€ peak, with the Ta concentration for the NBST 
(a) and NBCT (b) systems at f = 1 ke (dashed 
lines), and f = 100 ke (solid lines). 
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CONCERNING WAYS AND MEANS OF OBTAINING MATERIALS WITH A SMOOTHED OUT 
TEMPERATURE DEPENDENCE OF THE DIELECTRIC CONSTANT 


- N.A.Andreeva, 0.A.Grushevskaya & V.I.Zhukovskii 


Preparation of ceramic materials with a high dielectric constant that is 
little dependent on the temperature presents a difficult problem. This stems from 
the fact that in many binary and more complex systems possessing ferroelectric 
properties substitutional solid solutions generally form in a wide concentration 
range. 

Consequently, so far it has proved impossible to solve the problem of smooth- 
ing out the temperature dependence of the dielectric constant of ceramic materials 
by mixing several ferroelectrics with different Curie points. To date there have 
been only a few studies devoted to materials with a weak temperature dependence 
of the dielectric constant. 

In most attempts to develop such materials the base substance was barium ti- 


_tanate to which there were added varying amounts of Bio03 + Ti0o, Big03 + Sn0o, 


etc. By introduction of BigTi3019 into barium titanate, Coffeenl,2 and Popper et 
al3 succeeded in obtaining materials with a dielectric constant of about 2000 and 


a relatively weak temperature dependence of € in the range of positive tempera- 


tures. In the range of negative temperatures, however, the dielectric constant 
falls off sharply. The cited authors offer no explanation for the observed ef- 
fects. 

Skanavi and his co-workers? obtained ceramics based on strontium and bismuth 
tantalates with a favorable 
temperature dependence of 
5000 the dielectric constant. 

5 : These authors explain the 
high value of € by the re- 

laxation character of the 

polarization and indicate 
that similar properties may 
be exhibited by barium ti- 

tanate doped with bismuth 
oxide and titanium dioxide. 

Smolenskii et al® 
found that the indicated 
materials possess not only 
relaxational but also fer- 
roelectric properties. 

Guided by the above, 
for the purpose of smooth- 
ing out the temperature de- 
fonrm xm Xm pendence of the dielectric 
want lee constant, we decided to 
try doping BaTi03 with the 
oxides of bismuth, titani- 
um and zirconium in differ- 
ent proportions and combina- 
tions. So far we have in- 
vestigated the BaTi03- 
Bi,Ti30,5 system in great- 
Fig.1. Temperature dependences of ¢€ for specimens of est detail. 
the BaTi03-Bi4Ti30 12 system. The figures at the curve By way of raw materials 
indicate the Bi4Ti3019 content in percent by weight. we used barium titanate 


eX 


S00 ~50 0 oy 100 106°C 
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sinter prepared by the usua 
ceramic technology, bismuth 
#000 oxides and capacitor grade 
titanium dioxide. The bat- 
ches were prepared by mix- 
ing the components in a vi- 
brating mill for two hours. 
The measurements were car- 
ried out on sintered speci- 
mens. 
The capacitance and 
tan 5 were measured by the 
bridge procedure at a fre- 
quency of 1 kc, and in a 
number of cases at other 
frequencies. The tempera- 
ture dependences of the di- 
electric constant obtained 
for a number of specimens 
are shown in Fig.1. It will 
be evident that Bi4Ti30j5 
as an additive greatly 
smoothes out the temperature 
Fig.2. Temperature dependences of € for some synthe- dependence of the dielectric 
sized materials. constant but does not affect 
the position of the € peak 
(Curie point) of the base material, 
i.e., barium titanate. 
Qualitatively similar effects 
were observed in tests on specimens 
of the BaTi03-Bi203-Zr05 system. The 
temperature dependences of the dielec- 
tric constant for three materials are 
shown in Fig.2. Material T-2500 is 
representative of the BaTi09-Bi203- 
-Ti0> system; ceramic T-2000 is based 
on the BaTi09-Bi203-Zr0, system. For 
purposes of comparison we give the 
temperature dependence of € for tech- 
nical ceramic CM-1. It should be 
noted that the new materials have a 
relatively high electric strength 
(greater than 9 kv/mm in a nonuniform 
field) and a low sintering tempera- 
ture (1100-12509), 
The temperature dependences of 
€ and tan & at different frequencies 
for one of the specimens of the BaTi0>- 
00 7-7 r 49 00 or  ~>+4Ti3012 system are shown in Fig.3. 
It will be seen that for this specimen 
Fig.3. Temperature dependences of ¢€ (solid there is observed a change in the 


“9 7 0 50 100 OE C 


€ tan 6 


lines) and tan § (dashed lines) of 85% height and temperature position of 
BaTi0g + 15% Bi4Ti30,9 ceramic at differ- the tan 5 maximum with frequency, 
ent frequencies: 1) 103 cps, 2) 1095 cps, which indicates the presence of re- 


3) 106 cps. laxation properties. On the other 
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|S ead setae eM ae Soles wigs, Seen constant (a characteristic 
Nai ciccécicnn ; posi ion o which virtually does not vary with 

’ ysteresis. The dielectric hysteresis loops disappear 
eu) temperatures above 120°. The € vs temperature curves have two maxima; it is 
evident that the first, low temperature maximum is relaxational, while the second 
high temperature maximum is ferroelectric in character. The cited data are also 
consistent with the temperature dependence of tan 6 at different frequencies. In 
the tan 5 vs temperature curves recorded at 103 cps there is observed a relaxation 
maximum at -40° and at the same time a variation of tan 6 in the vicinity of the 
Curie point characteristic of ferroelectrics. With increase of the frequency the 
relaxation maximum is shifted to the side of higher temperatures, while the in- 
flection in the curve in the vicinity of the Curie point is smoothed out. Curves 
of qualitatively similar character are obtained for specimens with different pro- 
portions of the components. 

Data of x-ray diffraction studies, carried out at our request by V.G.Prokhva- 
tilov and E.1I.Gindina, showed that in specimens of the BaTi03-Bij203-Ti0o and 
BaTi03-Bi,0.-Zr02g systems there are present a phase with the structure of barium 
titanate, but with somewhat altered lattice parameters, and a second phase, which, 
it must be assumed, is responsible for the relaxation properties of the material. 
It must be emphasized that the diffraction patterns did not disclose the presence 
of solid solutions in the investigated systems. Apparently, solid solutions can 
form (if at all) only in a very narrow range of concentrations. 

On the basis of the experimental data it may be asserted that in materials 
of the BaTi03-Bio03-Tidg and BaTi03-Big03-Zr02 systems there are present phases 
with ferroelectric and relaxation properties. The composition of the latter phase 
has not yet been established. The data obtained do not substantiate the inferences 
of Skanavi et al* regarding the absence of ferroelectric properties in barium ti- 
tanate based materials with more than 15 mole percent Big0,° 2Ti05. It must be 
noted that Skanavi et al carried out their measurements at temperatures to 100° 
and hence did not observe the maximum of €, characteristic for BaTi03. 


Conclusions 


1. On the basis of the BaTi03-Big03-Ti0g and BaTi03-Bi,03-Zr0p systems one 
can formulate ceramic materials with a smoothed out temperature dependence of the 
dielectric constant. 

2, It was established by x-ray diffraction studies that in specimens of the 
above systems there ae present barium titanate with altered lattice parameters 
(not strictly cubic) and a second phase. 

3. The smoothed out temperature dependence of the dielectric constant is due 
to the presence in the material of two phases - a ferroelectric phase and a relaxa- 
tional phase - which did not form solid solutions in a wide concentration range. 

4. For a number of specimens of the above systems there was established the 
presence of two maxima of the dielectric constant. The experimental data indicate 
that the low temperature maximum is relaxational and the high temperature maximum 
ferroelectric in character. 
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SOLID SOLUTIONS IN THE TERNARY FERROELECTRIC SYSTEM Ba(Ti,Zr,Sn)03 
~ M.M.Nekrasov & Yu.M.Poplavko 


Ferroelectric solid solutions of the Ba(Ti,Zr)03 and Ba(Ti,Sn)03 systems are: 
of considerable practical interest as materials for nonlinear ceramic capacitors®) 
The properties of these solid solutions have been studied by a number of investi-- 
gatorsi-7, It has been established that with increase of the second component 
(barium zirconate or barium stannate), the "ferroelectric compliance’ is enhanced. 
i.e., the dielectric constant increases and its dependence on the applied dc or 
ac electric field becomes stronger. The Curie point (cubic to tetragonal transi-» 
tional point) of the solid solutions is lowered, while the temperatures of the 
transitions from tetragonal to orthorhombic and from orthorhombic to rhombohedral 
symmetry are increased, until finally all three transitions coincide. At a barium 
zirconate concentration above 18% or barium stannate concentration above 12% the 
structure becomes rhombohedral. At the same time the mobility of the domains® anc 
the orientation polarization? increase substantially, and consequently, the non- 
linearity is enhanced. 

In Ba(Ti,Sn)03 solid solutions the rhombohedral structure appears at tempera-~ 
tures below room temperature, while in Ba(Ti,Zr)03 solid sclution the rhombohedral 
structure forms at higher temperatures, which is a positive feature of the latter 
system. At the same time Ba(Ti,Sn)03 solid solutions have a higher "ferroelectric 
compliance", and their reversible nonlinearity N, attains 1.3 cm/kv, as compared 
with Ny = -0.5 cm/kv for Ba(Ti,Zr)03. 

For some compositions of solid solutions in the Ba(Ti,Zr,Sn)03 system one 
can obtain the rhombohedral phase at temperatures substantially above room tem- 
perature and thus combine pronounced nonlinearity with a comparatively low dielec- 
tric loss. 

Ceramic specimens of Ba(Ti,Zr,Sn)03 solid solutions of different composition 
were prepared in the form of disks 10 to 25 mm in diameter and 0.5 to 2 mn thick 
by the usual ceramic technology of chemically pure barium carbonate and titaniun, 
zirconium and tin oxides. The barium titanate, zirconate and stannate were syn- 
thesized beforehand at a temperature of 1200°. The final sintering was carried 
out in a Silit furnace at a temperature of 1400-14300 with a holding time suffici- 
ent to insure minimal porosity. Chemical analyses showed that the true composi- 
tion of the sintered specimens agreed with the calculated composition based on 
proportioning of the batch. 

We investigated the dielectric properties of Ba(Ti,Zr,Sn)03 solid solutions 
of different compositions as indicated by the points on the concentration triangle: 
shown in Fig.l,a. The temperature dependences of the dielectric constant and loss: 
tangent were measured on a "Tesla" bridge and a Q-meter. The effects of barium 
zirconate and barium titanate on the temperature shift of the phase transitions 
are additive (Fig.1,b). Near the merging of the phase transitions it was impos- 
sible to distinguish the maximum of the dielectric constant, so that the variation 
in structure as a function of the temperature and concentration of the components 
is shown only approximately in Fig.l,b. The merging of the phase transitions is 
characterized in Fig.1,b by the spatial line of intersection of the three surfaces. 
Projection of this line on the plane of the concentration triangle gives the com- 
position of the corresponding solid solutions. Solid solutions near the line of 
merging of the phase transitions have appreciable nonlinearity together with a 
relatively low dielectric loss. | 

We investigated the variation of the dielectric constant and loss tangent as — 
a function of the applied ac and dc fields for a number of synthesized solid solu- 
tions. The resultant family of curves (Fig. 2) characterizes both the effective 
and the reversible nonlinearity. Inasmuch as the quality of a nonlinear capacitor 
depends not only on the reversible nonlinearity Ny = (1/e€) (d€/dE-) but also on the 
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Fig.1. a - Concentration triangle for the Ba(Ti,Zr,Sn)03 system. The points indi- 
cate the investigated compositions; the dashed line indicates the composition in 
which the phase transitions coincide. b - Variation of the temperature of the 
phase transition as a function of the component concentration in the Ba(Ti,Zr,Sn)03 
system. The horizontal plane represents part of the concentration triangle. KLM 
is the surface separating cubic and tetragonal structure; below the line LM the 
structure is cubic and rhombohedral; OLM is the surface separating the tetragonal 
and orthorhombic structures; PLM is the surface separating the orthorhombic and 
‘yhombohedral structures. These three surfaces intersect along the line LM; the 
projection of this line (42) on the concentration triangle characterizes the com- 
position for which the phase transitions merge. 
Fig.2. Variation of the dielectric constants of Ba(Tip. 85,20, 732520.02) 93 
specimens with the ac field at different values of the de biasing field. 


dielectric loss, it is convenient to characterize it by the coefficient K = 
= Ny max/tan Ge 

Among the investigated solid solutions, the highest value of K (12) was ob- 
tained for Ba(Tiop.85,2r9.11»9N9,0493, for which N, = 0.9 cm/kv with €max/€min = 
= 20; tan 5 = 0.03 in weak fields and 0.15 at its maximun. 
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PRELIMINARY REPORT ON A FERROELECTRIC CERAMIC WITH A DIELECTRIC CONSTANT | 
OF 80 000 - 100 000 | 
- T.N.Verbitskaya, L.M.Aleksandrova & L.S, Sinitsis 


In the course of developing ceramics with pronounced nonlinear properties wé 
obtained a number of materials the peak dielectric constant (€,,,) of which in a} 
narrow but definite range of field values (Emax) attains an exceptionally high 
value.1,2 

Our research led to the development of a new material, designated VK-50, wii. 
€max = 80 000-100 000, i.e., a value of Emax appreciably higher than that exhibit 
ed by other known ferroelectric ceramics. 

Below we give a comparison of the principal 
nonlinearity parameters (€jnit, €max and Emax) of 
the developed ceramics with the corresponding para- 
meters of barium titanate. The initial value of | 
the dielectric constant €jni+ and the Curie temper? 
ture were determined in a weak field at a voltage 
of 5 v/mn. 

In investigating the temperature dependence of 
the dielectric constant in a weak field it was 
established that the €j,44 = f(t©) curves for all 
three ceramics - VK-1, VK-2 and VK-5 - differ littl 
from each other. On the other hand, as regards the 
principal characteristic, ¢ = f(E~), which charac- 
terizes the nonlinearity, the three ceramics differ 
appreciably. It will be evident from Fig.1 that 
the degree of nonlinearity increases substantially 
in going successively from barium titanate to VK-l, 
VK-2 and, finally, VK-5. Inasmuch as the initial 
values of the dielectric constant of the three VK 
materials are almost the same, the nonlinearity co- 
efficient K~ = €nax/€jnit, depends primarily on the 
peak dielectric constant €max. For VK-5 ceramic, 
200 E,, v/rm Ke = 40-50. 

VK-S exhibits pronounced nonlinear character- 
Fig.l. € = f(E,) for BaTi03, istics in a wide temperature range. With cooling 
VK-1, VK-2 and VK-5 at room from room temperature to approximately -150° the 
temperature. nonlinearity coefficient increases from 40-50 to 
320-360. 


Increase of 
K.., due primari- 
ly to decrease 
of init in the 
range of negativ 
temperature, is 


1700-1800 6000-8000 


600-800 


VK-1 2300-2500 16000-20000 150-200 exhibited not on 
VK-2 2000-2300 35000-45000 100-150 ly by VK-5 but 
VK-5 2000-3000 80000-100000 80-100 also by VK~2 andi 


barium titanate. 
With reduction of the temperature from +20° to -150° Ky, of barium titanate in- | 
creases from 4 to 25, while K. of VK-2 ceramic increases from 8 to 200. With in 
crease of temperature above room temperature, the nonlinearity coefficient de- 


creases and near the Curie point becomes close to unity. 
; 


\ 
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Fig.2. Temperature dependence of the nonlinearity coefficient K.. of BaTi03, VK-2 
and VK-5. 
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Fig. 3. Temperature dependence of the hysteresis loop rectangularity coefficient 


of BaTi03, VK-2 and VK-5. 
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The peak dielectric constant field Ena, increases somewhat with cooling to 
below room temperature and decreases somewhat with heating above room temperature; 
Accordingly, in determining K.. at different temperatures we used the correspond-_ 
ing values of Emax. 

In investigating the temperature dependence of € in different fields we ob- 
served four maxima of the dielectric constant. The four temperature maxima of €- 
(located at +65, +20, -5 and -40°C) are evinced most clearly at a field strength 
of 60-100 v/mm; under these conditions € attains a value of about 80 000.* This 
characteristic of VK-5 ceramic makes it possible to insure exceptionally high 
values of € in a wide temperature range through appropriate selection of the pola: 
izing field. Whereas for VK-2 ceramic, in a field of 100-110 v/mm, ¢€ has a value: 
of about 40 000 in the temperature interval from +20 to -30°, for VK-5 under the 
same conditions the value of € exceeds 80 000. 

We also determined the hysteresis loop rectangularity coefficient Ky (the 
ratio of the charge at saturation to the charge at zero field) for barium titan- 
ate and the VK-2 and VK-5 ceramics. We found that there is a definite correla- 
tion between the nonlinearity and rectangularity coefficients: the higher Ky, the: 
higher Ky (Figs.2 & 3). Even for VK-5 ceramic, however, K, at room temperature 
does not exceed 60-65%, but it does arise to 85% at very low temperatures. 

After further tests and development of the technology, VK-5 ceramic will be 
recommended for the production of varikonds and fabrication of miniature ceramic | 
capacitors. 
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titanate. 
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port observing four maxima for barium 
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RESULTS OF THERMAL ANALYSIS OF DOPED BARIUM TITANATE 
- V.1I.Zhukovskii, M.P.Dorokhova, N.E,Zaremba, D.G.Dykman & G.V.Bois 


Engineering materials and components of barium titanate usually contain cer- 
tain additives designed to impart the requisite electric properties to the ceramic. 
The stability and reproducibility of the characteristics of such materials depend 
to a great extent on the technology of their preparation and primarily on the con- 
ditions of sintering. In view of this, we felt it would be desirable to investigate 
the influence of the various additives commonly used in practice (Zr02, Big03, Tio, 
CaC03, MgCO03, BaCO3 and others) on the process of sintering barium titanate. 

The principal method of investigation was thermal analysis carried out on 
UKTA-58 equipment. This equipment provides for automatic recording of the thermal 
curves and the variation in weight and volume of the specimens during heating, 
holding at heat, and cooling. The rate of variation of temperature was 300°9/hr; 
the holding time at the given temperature was 30 min or 1 hour. Inasmuch as the 
research was undertaken for practical purposes, we used technical grade raw materi- 
als and prepared the specimens by the conventional ceramic technology. The barium 
titanate was synthesized beforehand at 1260°. 

The thermogram for barium titanate without additives is shown in Fig.1. The 

first exothermic effect - the break at 300° 

F Shrinkage, % - is connected with burning out of the 

0 plasticizer; the second exothermal effect 
- at 1300° - is due to completion of the 
process of formation of barium titanate. 
The endothermic effect at 870° is explained 
by polymorphous transformation of BaCO3, a 
small amount of which was present in the 
initial material. 

The addition of rare earth carbonates 
and bismuth oxide in amounts up to several 
_Fig.1. Thermogram for BaTi03. Curves: percent did not alter the character of the 


% 
Change in wt.,% 


S 


1) thermal effects, 2) shrinkage, 3) thermograms. At the same time introduction 
variation in weight, 4) temperature of Tid, and Zr0, results in the appearance 
rise and cooling. of two new thermal effects in the 1250 to 

1290° interval: an endothermic effect in 
“00° 1400" heating and an exothermic effect in cooling 


(Fig.2). The thermal effects occurring as 
a result of addition of Ti09 should presum- 
, Shrinkage, % ably be associated with the formation of a 
: eutectic solution of BaTiO, with the more 
acid titanates and its crystallization. 
According to the phase diagram for the 
Ba0-Ti0g system given by Rase & Roy! and 


15 the data of Keler & Karpenko?, in the range 
of impurity concentrations under considera- 
Fig.2. Thermogram for 95% BaTi0g + tion there should form a eutectic solution 


+ 5% Zr0g. Curves: 1) thermal effect, of BaTi03 + BaTig05 with the formation of 
2) shrinkage, 3) temperature rise and the said compounds upon crystallization. 
cooling. The inference regarding the eutectic char~- 

acter of the thermal effects is in good 
agreement with the shrinkage curve: the first thermal effect coincides with the 
beginning of rapid decrease in volume (eutectic point); the second with increase 
in volume (crystallization) . 
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X-ray diffraction studies of the 


° 1300" Shrinkasge,%  BaTi03-Zr0, system with up to 20 per cent. 
. a by weight Zr09, carried out by E.I.Gindin,, 
1000. showed the presence of a solid solution 
; with the perovskite structure. 
4 From the fact that BaTi03-BaZr03 
wo \6 solid solution does exist, it follows : 
that there must form an excess of titani- 
8 um dioxide. Apparently, this is responsi-- 
10 ble for the thermal effects such as those 
observed in the BaTi03-Ti0, system. It 
12 is impossible on the basis of the avail- 
able data to determine what compounds form)! 
Fig.3. Thermogram for 90% BaTi03 + the eutectic solution. It may be regard- 
+ 5% Zr0g + 5% Bion03. Curves: 1) ed as definitely established, however, 
thermal effects, 2) shrinkage, 3) that at some point in the sintering of 
temperature rise and cooling. barium titanate doped with appreciable 


quantities of TiO, and Zr09 there forms 

a liquid phase; this should be taken into account in specifying the sintering 
procedure. It may be noted that the thermal effects associated with the presence 
of Zr09 persist in the presence of MgC03, CaC03, BaCO, and other similar additives. 

Thus it may be inferred that the addition of Zr0, determines the character 
of the sintering process not only in the case of barium titanate but also in the 
case of other technical ceramics. The introduction of Big03 leads to disappearance | 
of the thermal effects (Fig.3). Apparently, in this case there forms a low melt- 


ing point phase, which is substantiated by the decrease of the sintering tempera- 
ture for the material. 


Conclusions 


1. In thermographic investigation of barium titanate with the addition of 
rare earth carbonates, zirconium dioxide and titanium dioxide, there were observed 
two opposed thermal effects during heating and cooling, due to the presence of the. 
last two compounds. 

2. The presence of the observed thermal effects is associated with the forma- 
tion of a eutectic solution and its subsequent crystallization. 

3. The introduction of Big03 suppresses the thermal effects. 


References 
1. D.E.Rase & Roy, J.Amer.Ceram.Soc., 38, No.3, 102 (1955). 


2. E.K.Keler & N.B.Karpenko, Zhur.neorg.khim., No.4, 1125 (1959). (Trans. 
Russian Journal of Inorg.Chem.) 


-~ 1291 - 


TECHNOLOGY AND PROPERTIES OF SOME CERAMIC FERROELECTRICS 
- P.L.Strelets, I.A.Serova, N.D.Yatsenko & P.L.Markus 


Piezoelectric ceramics of barium titanate are now extensively used in vari- 
ous fields of electronic engineering. Although these materials have a number of 
advantages over crystalline piezoelectrics, they also have a number of shortcom- 
ings: a phase transition at 8-109, a relatively low Curie temperature, substanti- 
al loss in high fields, etc. These shortcomings of barium titanate stimulated a 
number of searches for superior piezoelectric ceramics. 

Of particular interest in this field from our standpoint are the researches 
of Schofield & Brown!, who investigated a solid solution of barium and calcium 
titanates doped with cobalt oxide, Smolenskii et al2s3, who investigated lead 
metaniobate solid solutions, and Jaffe et al4 who studied the PZT system. It 
must be noted that the data on the physical parameters of most of the new piezo- 
electric ceramics published by the cited authors were obtained for experimental 
specimens prepared under laboratory conditions and involving rather complicated 
synthesis procedures. 

It is a familiar fact that conversion from laboratory methods of synthesis 
to industrial procedures often requires additional research. The present work 
was concerned with investigation and development of conditions of synthesis of 
the following ferroelectrics: 


95% BaTi03 + 5% CaTi0g + 0.75% CoCO3, 


40% BaNbg0g + 60% PbNb2{9., 
and 


55% PbZrO, + 45% PbTi03. 


In general, the process of industrial preparation of the new ceramics is 
based on the technology employed for barium titanate ceramics. However, specific 
adaptations of the technology had to be made for each of the new piezoelectric 
ceramics; in each case the modifications were dictated by the particular chemicas 
composition of the ceramic. 

The 95% BaTi03-5% CaTi03-0.75% CoC03 solid solution was synthesized not from 
previously prepared barium titanate and calcium titanate, but directly from the 
corresponding oxides and salts mixed in the appropriate proportions by weight. 

The synthesis was carried out at a temperature of 1300°, the holding time being 
1/2 to 1 hour. The final sintering temperature was between 1440 and 1460°; the 
firing time varied from 2 to 3 hours depending on the weight of the charge. 

In specifying the sintering time it must be borne in mind that with increase 
of the temperature and particular with increase of the firing time, the volatiliza- 
tion of the cobalt oxide increases sharply, which leads to deterioration of the 
piezoelectric and dielectric properties of the product. 

A positive attribute of this composition is that it has a low chemical activi- 
ty with respect to the kiln blocks, which are commonly made of clay, chamotte or 
alumina. 

The final ceramic components were polarized at a temperature close to the 
Curie point (118°) at a field strength of 0.8 kv/mm either in air or in the sili- 
cone liquid "Kaloriya ae 

As regards many operations the industrial process of preparing the 40% BaNbo0,g- 
-60% PbNb20, solid solution is simpler than the technology of barium titanate. 

This solid solution was also synthesized directly from the corresponding salts 
and oxides; these were taken in appropriate proportions by weight, mixed and sin- 
tered at 1000°. Separate preliminary synthesis of the components is not expedient 
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Table 1 
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9 hs De i Reaction did not occur 
Al <0,4; Na—0,1; $—0,02 

45 | Si02— 0,085; TiO2z —1,07; K— | 2,2 | 1140 0,52) 3584) 18058 0,46 | 0,47 
4,0; Fes03;—0,13; F — 0,45; 
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0,4; K—0;39; Fe.,03 — 0,4; 


Al — 0,42 
30 | TiO02, — 0,87; Fe2x0s — 0,44; K— | 1,8 | 1200] 0,35 | 4,0 | 0,86 | 0,29 | 0,1 
4,79; F —0,12 


447 | TazO3 — 0,03; Si03<'0,002; 14,4 1 1350°).2,2) | 4;057)°0, 91 | 4363117479 
TiO, a (B}, 04; Fe203 == 0,025 : 
533 | TasO3 — 0,17; SiO, — 0,14; | 4,8 | 1460 | 2,45 | 4,05 | 0,95 | 1,68 | 5,4 
TiO, — 0,01; Fes,03 — 0,025 
1044 | TazO5 — 0,075; SiO; — 0,51; | 0,8 | 1910) 153° | 4,4 OR {| ube 3,8 
Ti0Oz — 0,005; Fe,03 — 0,005 


*The capacitance was measured at audio frequencies. 


since it obviously requires more operations and does not yield any improvement 
in the properties of the final product. 

The chemical composition of the niobium oxide used in preparing this ceram- 
ic has a significant influence on the piezoelectric and dielectric properties of 
the fabricated components. Technical niobium pentoxide is obtained by process- 
ing a metallic ore of complex composition, containing, in addition to the base 
material, many different impurities: Ti09, Zr09, Tao05, K, Na, Feo03, Al,03, 

Sido and F. 

In Table 1 we list the properties of ceramic specimens prepared from eight 
different experimental batches of niobium pentoxide, containing different amounts 
of impurities. Examination of the data shows that K, Na, F, Fe, Si and Al impuri-: 
ties severely impair the piezoelectric and dielectric properties of the final ce- 
ramic. On the other hand, it must be noted that comparatively pure Ni905 (< 0.3% 
impurities) also does not insure a product with the most desirable characteristics: 
Thus, there is apparently a certain proportion of impurities for which the result-: 
ant piezoceramic components have optimum properties. At present, however, we do 
not have sufficient data to make specific recommendations on the subject. 

By way of plasticizer one can use either a water solution of polyvinyl alco- | 
hol or paraffin. Long components and those of complex geometric shape are best 
formed of mixtures plasticized with paraffin. 

The ceramic components were sintered at 1260-12809. So low a sintering 
temperature is a great advantage of this material as compared with other ferro- 
electric ceramics. The fact that lead metaniobate undergoes little or no thermal 
dissociation at 1000-1300° makes it possible to carry out the firing in air 
(rather than in a special atmosphere) , which is also a positive feature. It was | 
established by tests that the vaporization of lead oxide in the case of final | 
sintering at 1280° does not exceed 1.5%. The sintering time may vary from 5 to | 
20 min, depending on the cross section of the ceramic component and the size of | 

| 
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Table 2 
© i | Tat 
eramic | Porat oc 
? 
BaTiOgs | 420 


95% BaTiOg — 

5% CaTiOs—0,75% CoCOs 118 
40% BaNb2,O.— 

60% PbhNb20¢ 290 
55% PbZrO3—45% PbTiOs 390 


the furnace charge. 

In view of the fact that the 40% 
BaNbo0g + 60% PbNbo0g solid solution has 
a high Curie temperature and a high value 
of the coercive force, this ceramic must 
be polarized under “harder” conditions. 
We carried out polarization of this ce- 
Fig.1. Variation of the volatilization ramic at 17-180° and 3-5 kv/mn. 


0 2  4Vyemo 40 8 0tmin 


of lead oxide with the thickness and The 55% PbZr0., + 45% PbTi0g solid 
volume of the specimen and the time of solution merits particular attention; 
final sintering. there are good reasons to assume that 


its characteristics are superior to many 
other similar materials. 
Superficially, the technology of this ceramic differs little from that of 
synthesis of barium titanate. Although basically the technological operations 


are simple for the most part, one must note the difficulties that arise in synthe- 


sizing this material under industrial conditions. These difficulties are connect- 
ed primarily with the appreciable volatility of lead oxide at temperatures above 
1000°. Hence, unless appropriate measures are taken, the stoichiometric propor- 
tions observed in formulating the initial batch will not obtain in the final pro- 
duct. 

As our tests showed, the amount of lead oxide volatilized depends on the 
temperature, the holding time, and the thickness and volume of the fired compo- 
nents. The variation of the amount of lead oxide volatilized as a function of 
the above factors is shown in Fig.1. Examination of the curves shows that the 
amount of lead oxide vaporized increases with increase of the sintering tempera- 
ture and holding time; other conditions being equal, the amount of lead oxide 
volatilized decreases with increase in the cross section and volume of the speci- 
mens. 

On the basis of these experimental data one can calculate for any specific 
conditions how much excess lead oxide must be added prior to final sintering in 


order to obtain components with the desired composition. This matter of allow- 


ing for the volatilization of lead oxide is the principal difference between the 
technology of piezoelectric ceramics of this type and the technology of barium 


titanate ceramics. 


Using the developed, modified procedures we prepared specimens of the enumer- 
ated compositions, determined their Curie points and measured their dielectric 


and piezoelectric properties in the temperature range from -50 to +50°. The val- 
ues of the Curie points are listed in Table 2 together with the value for barium 
titanate. 


In Fig.2 we show the temperature dependences of the principal parameters 


of barium titanate and the synthesized piezoelectric materials, namely, the di- 


electric constant, the piezoelectric coefficient d3,, and the temperature shift 
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Fig.2. Temperature dependences of 
the parameters €, (a), dg) (b) and 
(fp - fo /fo (ce) for different ce- 
ramics: 1) BaTi03, 2) 40% BaNboO, +: 
+ 60% PbNbo0¢, 3) 95% BaTi03 + 5 
CaTi03 + 0.75% CoCO3, 4) 55% PbZr03, 
+ 45% PbTi03. 


of the resonance frequency from the value at 0°. It will be evident from the 
curves that the new caramics are in many respects superior to barium titanate. 
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RAPID PROCEDURE FOR PREPARING AND INVESTIGATING FERROELECTRIC CERAMICS 
- O.P.Kramarov 


Research in the field of synthesis and investigation of ferroelectric ceramics 
generally involves the preparation of a large number of specimens. Also it is 
necessary to determine by trial and error the optimum sintering temperature for 
each synthesized composition. All this involves a great expenditure of time inas- 
much as the roasting cycle for each specimen requires a minimum of 8-10 hours. 

Vekshinskiil developed a new procedure for metallographic investigation of 
alloys using specimens of varying composition. Use of a similar procedure could 
greatly accelerate exploratory research in the field of ferroelectric materials. 

We tested a number of different methods for preparing ceramic specimens of 
varying composition. 

The best results were obtained by means of the equipment diagramed in Fig,1. 
The wedge-shaped hoppers 2 and 4 are rigidly mounted in 
the frame 6 which also carriedsseveral sifting-scattering 
screens 5. The bottom opening of hopper 2 is covered 
with a screen of appropriate mesh. The bottom opening 
of hopper 4 is open. Into this hopper there can be in- 
serted interchangeable inserts 3 of the same shape as the 
interior of the hopper but somewhat shorter. The bottom 
openings of the inserts are also covered with screens. 
Hopper 2 and insert 3 are filled with the raw materials 
or mixtures A and B of which the specimen is to be pre- 
pared. Insert3, which has the larger bottom area, is 
commonly charged with the less freely flowing powder. 

The opening areas are designed so that the emptying of 
the hopper and insert will occur simultaneously. 

The entire assembly - hoppers, frame and screens 
- is jiggled vertically by means of an electromagnetic 
vibrator (not shown) connected to the top end of rod l. 
The powders dropping from the hoppers are scattered by 
the screens and distributed over the bottom 9 of the 
square cross section die mold 7. Thus there is obtained 
a specimen 8 of varying composition. After deposition 
of a layer of the requisite thickness (to obtain a speci- 
men 2-3 mm thick after compression), the specimen is com- 
- pressed in the mold and then roasted in a conventional 

Fig.l furnace at 1000-1100° to give it the requisite mechanical 
strength. Then the specimen is transferred to the special 
gradient furnace, the design of which is shown in Fig.2. 

As a result of roasting in such a furnace there is obtained a specimen in 
which the composition varies in one direction and the sintering temperature varies 
in the other. Thus, the plane of the specimen essentially represents the system 
' of coordinates: composition vs sintering temperature. Hence applying an appropri- 
ate square matrix of electrodes, one can on the same specimen investigate the di- 
electric properties of a number of different compositions depending on the sinter- 
ing temperature. 

’ For measuring the basic parameters of such specimens it is convenient to use 
complex equipment consisting of a thermal dielectrograph with an appropriate gal- 
vanometer and a nonlinearity tester. The first instrument allows of obtaining on 
a photographic plate curves characterizing the temperature variation of the dielec- 
tric constant. The nonlinearity tester allows of observing on the screen of an 
oscillograph the variation of the impedance of the specimen at a frequency of 20 kc 
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as a function of the instantaneou 

value of the 50 cps biasing fiela 
is With the given procedure fon 

preparing specimens of varying 
composition the distribution of 
components along the specimen re- 
mains unknown. This distribution 
can be determined either by spec— 
troscopic analysis or in the fol- 
lowing manner. There is prepared 
a specimen of BaTi03-SrTi0g (or 
some other thoroughly studied sys 
tem). Then the Curie points are 
determined in steps across the 
specimen and from these the compa 
nent concentrations are inferred.,. 
In determining the corresponding 
concentrations in unknown composii 
tions, it is assumed that for the 
given design of the hoppers and 


Fig.2. Gradient furnace: 1) foam fireclay in- scattering screens the distribu- 
sulation, 2) porcelain rod for suspending tion remains constant. For more 
specimens, 3) specimen, 4) thermocouple, 5) detailed study of the composition 
Silit rod heaters, 6) high alumina lining. region of greatest interest one 


The diagram at the left 
distribution inside the 


gives the temperature can prepare a new specimen using 
furnace. the limit mixtures instead of pur 
initial components. 


Use of a gradient furnace is in itself worthwhile even in the case of speci-- 
mens of uniform composition. The design of the furnace in this case can be some- 


what different2;3, 


Thus, use of a gradient furnace enabled us to detect anomalies in ceramic 


Fig.3. Barium titanate 
specimen sintered in a 
gradient furnace; the 
scale at the left gives 
the sintering tempera- 
ture. 


specimens sintered in the 1170 to 1210° range. In these 
experiments, long, narrow BaTi03 specimens were placed in: 
the gradient furnace so that individual zones of the spec: 
mens were roasted at temperatures ranging from 800 to 150! 
As a result of such roasting there always appears in a 
relatively narrow region (50-60°) appreciable expansion 
of the specimen, whereas the rest of the specimen exhibit: 
normal shrinkage, the degree of which increases with in- 
crease of the temperature. A photograph of one such spec: 
men is reproduced in Fig.3. An expanded region always ap: 
pears regardless of the initial materials and the prelimi: 
ary (synthesis) roasting temperature. These particular 
experiments were carried out on specimens prepared of 
paint pigment" and "capacitor" grade Ti0g and different — 
lots of BaCO3. An expanded region appears in all speci- 
mens regardless of deviations from stoichiometry and vari: 
tion in the preliminary roasting temperature. 
Microanalysis of the structure of the specimens show- 
ed an entirely different character of the individual crys- 
tallites in the temperature regions above and below the 
temperature of expansion. Micrograms of the surface 
structure in zones roasted at different temperatures are 
reproduced in Fig.4,. (In order to illustrate the varia- 


. 
. 
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tion in structure more 
clearly, we have used photo- 
graphs of typical structures 
obtained in different speci- 
mens.) Inasmuch as the 
temperature at which maxi- 
mum expansion occurs fluctu- 
ates somewhat from specimen 
to specimen*, the tempera- 
tures in the caption are 
indicated relative to the 
maximum expansion tempera- 
ture. 
As will be evident 
from the photographs, in 
the vicinity of the expan- 
sion region the structure 
of the specimen varies 
markedly with the sintering 
temperature. Up to tempera- 
tures 50-609 below the ex- 
pansion point, the structure 
of the specimen remains un- 
changed, i.e., identical 
with that formed during the 
initial roasting. With in- 
crease of the sintering tem- 
perature there begin to ap- 
pear crystalline formations 
of acicular habit (Fig.4,b). 
Fig.4. Micrograms of the surface structure of speci- With a few degrees increase 
men sections sintered at different temperatures: a) of roasting temperature 
t = tex - 60°, b) te, - 10°, c) tex - 5°, a) ty,, e) these formations begin to 
Bex + 10°, f) tox + 30°, g) to, + 50°, h) tex + 90°, branch out, forming distinct 
i) tex + 110°. tex = temperature of maximum expan- intrusions (Fig.4,c). At 
sion. the point of maximum expan~ 
sion there sometimes forms 
a close-packed interlocking acicular structure (Fig.4,d). A few degrees above 
the zone of maximum expansion the acicular structure breaks up and transforms in- 
to individual, for the most part regularly, faceted crystals (Fig.4,e). Then the 
acicular structure disappears entirely. The small crystals increase in size, 
while retaining their regular faces (Fig.4,f). When examined by polarized light 
many of these crystallites show domain structure. With further increase of the 
temperature (Fig.4,g-i) the regular faceting of the grains breaks down; they be- 
come rounded and tend to merge. 
The temperature dependences of the dielectric constant of BaTiO, specimens 
taken from the expansion region are shown in Fig.5. 
Preliminary x-ray diffraction studies disclosed no singularities of the crys~ 
tal lattice in the expansion zone. 


*Possibly this scatter is due to errors in determining the temperature dis- 
tribution along the specimen. 
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At present it is difficult to suggest an ex- 
planation of the observed effect. Similar expan- 
sion of metal specimens prepared by powder metal- 
lurgy techniques has been observed by a number 
of authors*. In this case, also, the reason for 
the anomalous behavior is not known. For ceramic 
it may be assumed that at low temperatures there 
occurs nonequilibrium growth of crystallites, 
leading to the formation of dendrites which "bulg 
the specimen. 

The process of expansion proceeds rather 
rapidly (for some specimens expansion takes place 
within 15-20 min). This factor must be taken in- 
to account in producing ferroelectric ceramics. 
In order to reduce rejects due to cracking and 
excessive porosity the furnace temperature should 
be raised rapidly through the 1170-1210° range, 
wherein expansion occurs. 

I desire to express my deep gratitude to 
A.L.Khodakov for assistance and guidance in the 


0 50 100 150 t, °C work. 


Fig.5. Temperature dependences Physical-Mathematical Scientific Research Institu 


of the dielectric constant of at 

BaTi03 specimens taken from Rostov-on-the-Don State University 

different regions: 1) 1150- 
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HIGH-TEMPERATURE PIEZOELECTRIC ACCELEROMETER SENSING ELEMENTS 
- M.M.Kachkacheva, A.A.Dryabchuk, L.Z.Rusakov & E.G. Smazhevskaya 


on the past few years we have designed a number of piezoelectric accelerome- 
ters with sensing elements of barium titanate ceramic.! Using these transducers, 
it was possible to extend the working range to the side of higher frequencies and 
reduce the dimensions and weight of the sensing unit as compared with transducers 
of other types. Depending on the purpose and requirements involved, the units 
can be designed ranging from 5 to 50 g in weight with a sensitivity from 1 to 15 
mv/G and capable of measuring accelerations of up to 300 G at frequencies to 10 kc. 
The lower bounds of the measurable accelerations and frequencies are determined by 
the parameters of the indicator equipment. 

It must be noted, however, that measurements by means of these units are limit-_ 
ed to temperatures of the order of 70-80°, i.e., to under temperatures close to 
the phase transition point of barium titanate ceramic, temperatures at which the 
ceramic begins to depolarize with resultant decrease in sensitivity. 

In connection with the increasing need for measuring vibrations at higher 
temperatures, we felt it would be desirable to increase the upper bound of the 
useful temperature interval. The possibility of extending the temperature range 
of piezoelectric transducers is determined primarily by the parameters of the piezo- 
electric ceramic. Accordingly, there were prepared and investigated solid solu- 
tions of barium, calcium and lead titanates (Ba,Ca,Pb)Ti0g (Ref.2) and solid solu- 
tions of lead and barium metaniobates (Pb,Ba)Nbo0g (Ref.3) with different propor- 
tions of the components, inasmuch as these solid solutions are characterized by 
higher transition points. 

There were prepared and tested piezoelectric transducers with sensing elements 
made of (Bag, 797,C209,083»Pb0.12)Ti03 solid solution, which has a Curie temperature 
of 140-160°. These acceleration pickups can operate at temperatures of up to 110- 
130° without loss in sensitivity. However, the piezoelectric coefficients of this 
composition are small compared with the piezoelectric coefficients of barium tita- 
nate ceramic; hence the sensitivity of these units proved to be about half that of 


units with elements of BaTi03. 


After successful development of lead and barium metaniobate piezoceramic ma- 
terials with a Curie temperature of 270° and a piezoelectric coefficient ds, % 
# 2.0-107© cgse units, there were prepared piezoelectric pickups with sensitive 
elements made of this material. 

As in the earlier pickup units, the sensitive element was made in the form of 
aring. The ring is polarized so that it operates in shear. To this end temporary 


electrodes are first applied to the upper and lower faces of the ring and the ring 


is polarized along this axis. After polarization, the temporary electrodes are 
removed and permanent working electrodes are applied to the inner and outer sur- 
faces. Under the influence of shear strains there appear on these electrodes char- 


ges with a proportionality factor equal to the piezoelectric coefficient d,;. No 


other mechanical stresses can give rise to charges on the working electrodes and, 


consequently, the sensitivity of the pickup to transverse vibrations is virtually 


& nil. 


A general view of the high-temperature acceleration pickup is shown in Fig..1; 


its design is diagramed in Fig.2. The piezoelectric element is housed in a dura- 
luminum case. The sensitive element, which is made of (Pbo,6,Bao, 4) Nb206 ceramic, 
is mounted in the case so that under the influence of vibrations directed along 
the axis of the unit there appears on the electrodes a voltage proportional to 
the shear deformation. The ceramic ring is mounted in the case by means of epoxy 


~" 
* 


:> 


cement. The brass weight, which serves as the inertial mass, is also cemented in- 
to the ring. 
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Fig.1. High-temperature piezoelectric pickup. 
Fig.2. Design of the high-temperature piezoelectric pickup: 1) base, 2) piezocera: 
ic ring, 3) brass weight, 4) lead, 5) cover. 


The assembled pickup, owing to its unitary construction, is capable of with-- 
standing overloads of up to 300 G. The sensitivity of the unit, which has a weig: 
of only 50 g, is 10 mv/G. The sensitivity to transverse vibration is much lower 
(5-6% of the axial sensitivity). Units of the same basic design can be prepared 
with greater sensitivity but with some increase in weight, or with less weight but 
some sacrifice of sensitivity. 

The frequency and temperature dependences of the sensitivity of the high-tem: 
perature pickup units with sensing elements of (Pbo.6,Ba0,4)Nb206 ceramic are 
shown in Figs.3 & 4. For purposes of comparison in the same figures we give the 
comparative data for piezoelectric units with sensing elements of (Bao. 797,Cao.os: 
Pbo,12)Ti03 and BaTi03. The design dimensions and weights of all the units are 
the same. In determining the sensitivity, the output voltage was measured by 
means of an instrument with an input resistance of 15 megohm, hence the frequency 
characteristics are given from a frequency of 50 cps. It will be evident from 
Fig.3 that the frequency characteristics of the sensitivity and the absolute sens: 
tivity of the high temperature (Pbo.6 ,Bag , 4) Nb20, pickup unit are virtually the 
same as those of pickups with a sensing element of barium titanate ceramic. The 
absolute sensitivity of the unit with a sensing element of the ternary system cer- 
amic is only about half the sensitivity of the high-temperature units. 


As will be evident from Fig.4, the pickups with sensing elements of BaTi03 
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é — 
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Fig.3 Fig.4 
Fig.3. Frequency characteristics of the 


pickup units with sensing elements of 1 - 
(Pho 6 ,Bao,4)Nbo0g, 2 - BaTi03, 


and 3 - (ao,797,Ca9.0g3,Pbo, 19) Ti03. 

Fig.4. Temperature characteristics of the sensitivity of pickup units 
with sensing elements of 1 - (Pho 6 Bap, 4)Nbo0g, 2 - BaTi03, and 3 - 
(Bao, 797,Ca0.083,Pb0, 12) Ti03. 
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and (Ba0.797,Ca0.083,Pb0.12)Ti03 can operate satisfactorily only up to a tempera~ 
ture of 80 and 110°, respectively. In contrast, the sensitivity of the transducer 
with the (Pho, ¢,Bap,4)Nbg0g element does not decrease up to 200°. With further 
increase of the temperature, the sensitivity gradually falls off and at a tempera- 
ture of 220-230° decreases by 15-20% relative to the sensitivity at 20-309. In 
the course of testing, the high-temperature units were held for 3 days at 200°, 
after which their sensitivity and frequency characteristics were rechecked. The 
repeat tests showed no significant change in the absolute value of the sensitivity 
and the frequency characteristics. 
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TEMPERATURE DEPENDENCE OF THE INFRARED ABSORPTION SPECTRA OF 
BaTi03, PbTi03 AND PbZr09 
- A..F. Yatsenko 


Some authors associate the ferroelectric effects occurring in barium titanate 
with the specific temperature behavior of one of the optical modes of the lattice 
vibrations of the material. 

Of the three optical frequencies characteristic of the perovskite lattice, 
only two have been observed! »2, namely, the frequencies associated with the valence 
(stretching) and deformation (bending) vibrations of the Ti(0/2)g octahedron; the 
third frequency, associated with the external translational vibrations (motion of 
the cation relative to the Ti0g3 group), is located somewhere in the far infrared 
and so far has not been observed owing to great experimental difficulties. This 
frequency was not detected in the Raman spectrum, apparently owing to the almost 
cubic symmetry of the BaTi0g3 lattice, and has not been found so far among the 
electronic-vibrational transitions in BaTi03 activated with rare earths. 3 

Anderson* assumes that with approach to 
the Curie temperature, the frequency of one 
of the limit vibrations decreases and goes 
to zero at the Curie point. Ginzburg? also 
os infers temperature drift of the frequency of 

the external translational vibrations of the 

Ba ions relative to the oxygen octahedra. 

In view of this, investigation of the 
temperature behavior of the absorption bands 
of ferroelectrics with the perovskite lattice 
is of particular interest. 

In our earlier study® of the temperature 
variation of the absorption spectrum of BaTi03 
it was noted that the deformation vibration 
band does not exhibit any characteristic 
"forroelectric’ anomalies and hence our at- 
tention was concentrated on investigating 

-] the temperature behavior of the valence vi- 

ey Lt 600 eee et bration band. As a rule the valence vibra- 
Fig.1. Absorption bands associated tion band of perovskite type ferroelectrics 
with the valence (stretching) and is noticeably broadened and exhibits fine 
deformation (bending) vibrations structure. In Fig.1 we show for comparison 
of the Ti(0/2)g octahedron in dif- the absorption bands of the ferro- and anti- 
ferent dielectrics: 1) SrSn03, 2) ferroelectric materials BaTi03, PbTi03, 
BaTi03, 3) PbTi03, 4) W0O3. Effect- PbZr0g and wO3 and nonferroelectric SrSn0g, 
ive specimen thickness 1-1.5 wp. characterized by relatively narrow and sym- 

metrical bands. 

In Ref.6 we described the temperature behavior of the valence band of BaTi03 
and indicated that its fine structure undergoes substantial changes. The barely 
noticeable shoulder at room temperature, with increase of the temperature, trans- 

forms to a discrete narrow valence vibration band, which disappears above the 
Curie point. The low frequency satellites of the valence bands of PbTi03 and 

PbZr03 (Fig.2) behave in a similar fashion. The spectra of the last, Set oe 
comprise a "lead" satellite (on the high frequency side of the valence vibra ne 
band) , which is observed in all perovskites containing lead. This satellite de- 
creases in intensity with increase of the temperature but with no anomalies at 


the Curie point. 
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Fig.2. Temperature dependence of the absorption in the valence vibration band of 

PbTi0g and PbZr03: 1) 18°, 2) 100°, 3) 150°, 4) 220°, 5) 270°, 6) 400°, 7) 18°, | 

8) 100°, 9) 175°, 10) 200°, 11) 250°, 12) 300°C. The dash-dot lines on each spec- 
trum indicate the 60 and 40% transmission levels. 

When the normal vibrations of a lattice consisting of rigid ions are regarded 
as harmonic, the dipole moment of the crystal proves to be a linear function of | 
the lattice displacements. Different lattice waves do not interact with each 
other, but the electromagnetic waves interact independently with each individual 
lattice wave and can be absorbed when the usual conditions as regards frequency, — 
wave number and polarization are satisfied. In this approximation the infrared 
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spectrum should consist of narrow lines. Experiment shows, however, that the 
spectra comprise broad bands often accompanied by side peaks on one or both sides. 
Born & Huang’ were the first to show that the finite width of the bands is 


due to third order terms of the potential V= > Dicugigs + Nevegaign + Deuneqgans 


which provide a coupling channel between the normal vibrations, while second order 
terms of the dipole moment M = O99 + >) Bis Gist Dy Vise 4910 + are responsible for 


the intensity of the satellites. Burstein et a8, analyzing the data for differ- 
ent ionic crystals, came to the conclusion that the intensity of the side peaks 

and the width of the main band increase with increasing deviation of the elastic 
constants from the Cauchy relation and increase of the electronic polarizabilities, 
i.e., increase in the same measure as the deformability of the electron shells. 

To us this parallelism appears very strange. Recently, Szigetti? showed that one 
Cannot consider high order terms of the electric moment independently of high or- 
der terms of the potential, and thus was able to explain the above mentioned paral- 
lelism in the properties of the absorption bands and the deformability of the elec- 
tron shells. 

From the character of the ionic displacements in different normal vibrations 
of the BaTi03 latticel»2 it follows that what is significant from the standpoint 
‘of the valence vibrations of the Ti(0/2)g octahedron is nonlinearity of the dipole 
moment, which is responsible for broadening of this band and the appearance of 
side absorption peaks. Thus the temperature behavior of the satellites is direct 
evidence of temperature dependence of the deformability of the electron shells. 

Aside from the above, no other manifestations of ferroelectricity were ob- 
served, at least where the two vibration modes of the octahedron are concerned. 
There are good experimental reasons to infer that the third absorption band, as- 
sociated with external translation vibrations of the Ba ions relative to the oxy- 
gen octahedra, also will not exhibit anomalous temperature behavior (for example, 

frequency drift). In view of this it would be highly interesting to obtain direct 
experimental data on the temperature behavior of this band. 

I take this opportunity to thank S.P.Rubtsova who participated in the spectro- 
scopic measurements. 


Rostov-on-the-Don State University 
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SOME ELECTRIC PROPERTIES OF BARIUM TITANATE DOPED WITH RARE EARTH ELEMENTS 
- A.F.Yatsenko & T.P.Popova 


A number of authors!~3 have recently reported that barium titanate contain- 
ing small amounts of oxides of the rare earth elements (RE) exhibits interesting 
electrical properties. These may be due to the fact that the RE activator atoms 
have incomplete inner (4f) shells. To investigate the influence of RE impurities: 
on the electric properties of BaTi03 we prepared a series of specimens containing: 
from 0.1 to 3 mole percent of the following oxides: Smg03, Pro03, Ndo03, Yt203, 
Th903, Dy203, Erg03, Lug03, Tmg03, Ybo03 and Gdo03 (see table). 


Some characteristics of RE doped BaTi03 


i Activation 
RE Impurity ‘oral maheeeC 
EQ /E an / 
(oxide) |content, %| °° ae gh ° if energy, ‘eV 
O.f 2975 5770 Pa Paes 0,175 130 0,24 
0,3 1900 6120 Avy 0,078 130 0,74 
Sm 4 2850 5700 2 0,09 98 0,7 
3 9020 6350 2a 0,78 41 0,78 
0,4 1500 7850 5,24 0,09 422 0,84 
0,3 2300 6750 Bee 0,099 AAG 0,8 
Pr 1 3100 4500 1,45 0,098 100 0,7 
3 3650 3950 1,08 0,072 45 0,6 
0,4 1670 3900 Doo 424 0,3 
Yb 0,3 41900 3800 ps _ 4124 Ona 
4 1500 3450 2S 96 0,6 


The specimens were prepared by the usual ceramic procedure; the preliminary 
roasting temperature was 1280°; the final sintering was carried out at 1380° for 
& period of 1-2 hours. It must be noted that generally barium titanate specimens 
with RE impurities sinter poorly and even increasing the final sintering tempera- 
ture does not always result in complete sintering. Introduction of RE into pre- 
viously prepared BaTi0z is even more difficult. 

In most cases small amounts of RE stabilize the tetragonal phase. Thus we 
were unable to obtain hexagonal barium titanate even from melts when the material 
contained 0.5% Pr or Sm, and only in the case of 0.3% Gd and 0.1% Yb did we ob- 
serve partial transition to the hexagonal phase. 

We recorded the temperature dependences of the dielectric constant and the 
loss tangent at V = 50 v and f = 1 ke for all the specimens. 

The values of the dielectric constant at room temperature, €5,and at the 
Curie point, €9, tan 8, the Curie temperature 9 and the ratio €g/Eg are listed 
in the table. As will be evident from the table a significant shift of the Curie 
point occurs in specimens containing Sm903, Pr0o and Y¥b903; thus the addition of 
1 mole percent of these RE oxides reduces the Curie point by approximately 25-300. 
The fact that the luminescence spectrum consists of discrete lines4, the smooth 
variation of the lattice parameters and the regular shift of the Curie point, all 
indicate that in these cases there form solid solutions, | 

Most of the investigated compositions exhibit a high dielectric constant, 


but at the same time some of them are characterized by high dielectric loss. With 
increase of RE content the €9/€q ratio decreases (see table), and the € peak broad 


ems and becomes lower (Fig.1). The introduction of RE impurities affects the | 
temperature variation of the resisitivity. The resistance of the specimens was 


measured by means of TO-1 and F-57 meggers. To minimize surface effects the speci 


= T3li = 


mens prior to measurement were 
SE heated for a long time and coated 
G000 with oil while in the hot state. 

The investigated specimens 
differ as regards temperature varia- 
tion of the resistivity. Specimens 
containing small amounts of RE 
oxide (1-3%) yield a temperature 
vs resistivity curve similar to 
that for pure BaTi03: the resist- 
ance falls off exponentially with 
temperature (the activation ener- 
gies are given in the last column 
of the table). Specimens contain- 
ing 0.1% Sm903, 0.1% Erg03, 0.1% 
Tbo03 and 0.1% Ndo03 in heating ex- 
hibit a sharp increase in resist- 
ance at the Curie point. In cool- 
ing there is a minimum in the tem- 
perature vs resistance curve (Fig. 
2). A small resistance peak at 
the Curie point is observed for 
specimens containing 0.3% Tb, 0.3% 
Nd, 0.3% Er and 0.3% Tm. 

Upon more careful investiga- 
tion we found that at the resistance 
"maximum" at the Curie point the 
. current flowing through the speci- 
men not only falls off to zero, 
but also changes direction. Ap- 
parently the observed effect is a 
result of a radical change of polar- 
ization; the effect is most clearly 

0 40 80 120 0 ¢°C evinced in barium titanate speci- 

mens' containing 0.1 mole percent 

Fig.1. Temperature dependences of € and tan 8 Smg03, Ndg03, Erg03 and Th203. For 

for BaTi03 specimens with different Pr impuri- specimens with appreciably larger 
ty concentrations. and smaller amounts of RE impurity, 

as in the case of pure BaTi0g3, no 

in 9 peak appears in the resistance vs 
temperature curves. The phenomenon 
of sharp increase in resistance at 
the Curie point may be of practical 
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<+Fig.2. Temperature dependence 
i” of the resistivity for a speci- 


men containing 0.1% Sm (heating 
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PROBING THE LATTICE FIELD OF BaTi03 WITH RARE EARTH IONS 
- A.F.Yatsenko & L.M.Rabkin 


Investigation of the crystal lattice field acting on the individual ions is 
Bool? for clarifying the nature of ferroelectricity. Venevtsev, Zhdanov 
olov'ev!»2 calculated these fields by different methods. In the present work 
an attempt was made to probe these fields experimentally. Our procedure can also 
be used to find the vibrational frequencies of the lattice through observation of 
the electronic-vibrational transitions; furthermore, it can serve as a means for 
monitoring reactions in the solid state and solving other research problems. 

In our experiments we used small amounts (<0.5 mole percent) of rare earth 
elements (RE), which were introduced into the host lattice to serve as "voltmeter" 
probes. Essentially we utilized the ability of RE to yield line luminescence spec~ 
tra even in the solid state. This is connected with the fact that RE have incom- 
plete 4f shells, which are screened from external influences by the 5s*op* elec- 
trons. Consequently, the “extra’’ energy of the 4f electrons in the field of the 
‘erystal lattice is appreciably lower than the energy of spin-orbit interaction, 
which means that the lattice field may be regarded as a small perturbation. The 
strength of the lattice field is evinced not only in the magnitude of the level 
splitting, but also in lowering of all the terms and, consequently, in a general 
"ved" shift of the entire spectrum. The extent to which the degeneracy of the 
levels is removed is determined by the symmetry of the crystal field. The sym- 
metry also affects the intensity of the spectrum: when the RE ion is in an inver- 
‘sion center, dipole transitions are forbidden and hence the spectrum of the ion 
is very weak; in the absence of an inversion center forced dipole transitions are 
allowed, which leads to greater intensity of the spectrum. 

“g Incorporation of impurity ions into the lattice gives rise to local distor- 
‘tions, which together with the RE ions form distinctive luminescence centers. Be- 
‘fore one can use such RE ions as probes of the crystal field, however, one must 
clarify the structure of the luminescence centers. The location and general ap- 
pearance of the luminescence spectrum of RE ions in BaTi03 indicate that the lumi- 
_hescence is due to triply charged RE ions. When the RESt ions replace Ti4* or 
Batt ions, one may expect a hole or electron, respectively, to appear at the luni- 


"nescence center. Centers of somewhat different structure will be formed when two 
RESt ions replace the nearest Ba2t and Ti4+ ions. In all three cases we should 

"have point symmetry Cup OF Csr. The sharp luminescence spectra actually observed 
indicate, however, that the RE ions occupy sites with point symmetry O, It must 


_ therefore be assumed that the RESt ions replaced Ti ions without local distortion 


of the point symmetry. 


o In SrTi03 and above the Curie point in BaTi0, the RE ions occupy positions 


with point symmetry O,; hence the static potential V(r, 9, @) must satisfy the opera- 
tor equation OV (r, 9, 9) =V 8, @), where O, is the operator of all the symmetry 


elements of group O,. Whence, representing the potential V(r, 0, g) in the form 
- of a harmonic expansion, we obtain 
V (7,8,9) = AQ DAY? Cue) +5 Drive Ges) | + V (0d 

k k 


amic part of the potential due to thermal vibrations of the 
lattice. We have omitted sixth order terms inasmuch as their contribution to the 
potential is several orders of magnitude smaller than that of fourth order terms. 
Thus, for determining Vir, 9, 9), aside from the symmetry, one must know one oe 
stant, namely, A’ which can be determined either py direct calculations or by com- 
paring matrix elements of the ¢SLIM |V | S'L'J'M"Y type with the observed spectrum. 
Inasmuch as both methods involve great computational difficulties, the results will 


‘pe reported in a separate communication. 


where V(at) is the dyn 
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Fig.1. Luminescence spectra of Ba, Sr and Ca titanates activated by Pr 
and Sm. 


In going through the Curie point the symmetry is lowered from QO, to C,, and 
the inversion centers vanish. In connection with this there appear in the expres— 
sion for the potential second and odd power terms. The second power terms are re— 
sponsible for increase of the splitting, while the odd power terms lead to in- 
crease in the general intensity of the spectrum and, particularly, the intensity 
of individual transitions. 

As will be evident from Fig.1, the luminescence spectra of BaTi03(RE) and 
SrTi03(RE) are generally similar; there are, however, substantial differences as 
regards the total intensity and the positions of a number of lines. On the whole 
the luminescence of BaTi03(RE) is several times stronger than that of SrTi03(RE). 
The », = 15 390 cm™1 line, which is the most intense line in the spectrum of 
BaTi03(Pr) is much weaker in the spectrum of SrTi03(Pr) (v, = 15 340 cm-l); this 
is particularly clearly evident if one compares the intensity of this line with 
the intensities of the neighboring y, and ys lines. 

Moreover, in going from BaTi03)Pr) to SrTi03(Pr) there is observed a shift 
of the spectrum to the long wavelength side, which is especially noticeable in 
the case of the v,, v. and ys lines. Similar differences are observed for BaTi03(Sm 
and SrTi03(Sm). The spectrum of SrTi03(Sm) is shifted to the long wavelength side 
and the splitting of the lines is substantially greater than in the spectrum of 
BaTi03(Sm). 

The variation of the luminescence spectra incident to transition through the 
Curie point is obviously of particular interest. Observations of the temperature 
behavior of the luminescence of BaTi03(Pr) showed that the intensity ratio of the 
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v. and vy, lines, which characterizes the 
symmetry of the electron cloud, decreases 
smoothly in going through the Curie point 
and becomes less than unity (0, symmetry) 
100 only at 150-1609. It must be noted that 


70 observation of the luminescence spectra at 
40 100-1509 is hampered owing to vibrational 
30 broadening of the lines and temperature 
26 quenching of the luminescence, which pre- 
cludes observation of the change in Stark 
LG splitting at 127° (observed at the third 
-f phase transition by Osima et al*). The 


ay 


2 ae ey y transition through the Curie point can be 
Bas 1 2 


realized at room temperature by working 
; ae with a series of solid solutions in the 
Fig.2. Luminescence spectra of Pr (Ba,Sr)Ti03(Pr) system. In order to insure 


in (Ba,Sr)Ti0, solid solutions. uniform conditions of excitation and record- 
The scale at the right gives the ing of the luminescence spectra we arranged 
SrTi0., concentration in mole per- our specimens in a row in order of increas- 

cent. ing SrTi0z3 concentration and recorded their 


luminescence simultaneously. 

In the series of spectra shown in Fig.2 one can readily follow the shift of 
the lines to the long wavelength side with increasing SrTi03 concentration. Also 
clearly evident is the decrease in the total luminescence intensity beginning with 
specimens whose Curie point lies below room temperature, and particularly the de- 
crease in the intensity of the Vs = 15 390 cm™! line. 

So far we have been unable to observe the luminescence of RE in PbTi03; this 
compound decomposes at the relatively high temperatures necessary for diffusion 
of the RE ions into the crystal lattice. 

Pr and Sm introduced into CaTi0g yielded a very intense luminescence with a 
large number of lines in the visible region. 

We made an attempt to follow the formation of (Ba,Ca)Ti03 solid solutions by 
observing the luminescence. To this end, mixtures with different proportions of 
BaTi03 and CaTi03 were activated by Sm. In the CaTi0, concentration range from 
25 to 75% there is observed a bright luminescence, the spectrum of which corre- 
sponds to that of Sm in CaTi0s, which indicates the presence of unreacted CaTi0g. 

It may be inferred from the observed spectra that the RE ion replaces a lat- 

tice ion located in a field of cubic symmetry, i.e., replaces either Ti or Ba. 
For unique determination of the location of the replacing ion one must precisely 
evaluate the ratio of the coefficients AL Ay, which should be different for differ- 
ent coordination numbers. Nevertheless, on the basis of a number of other con- 
siderations, namely, the fact that there exists BaPr03 with the perovskite struc~- 
ture, the strong Pr concentration dependence of the Curie temperature®, and the 
relative size and charges of Pr and Ti ions, it may be concluded that the Pr ions 
replace Ti ions. 
: In view of the Q, symmetry position of the RE ions in SrTi0.,, the intensity 
of the spectrum is very low and is presumably due more to the dynamic part of the 
potential V(w?) than to quadrupole and magnetic radiations. In the system of (a, 
_ Sr)Ti03 solid solutions the spectrum remains rather weak for all nonferroelectric 
‘compositions; for ferroelectric compositions the intensity of the spectrum increas~ 
es markedly. 
/ : ee mere lowering of point symmetry from O; tO "CO, 20 transition through the 
Curie point has almost no effect on the Stark splitting of the levels, but exerts 


a strong influence on the intensity of some of the lines associated with forced 


"es 


. 


cae 
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dipole transitions in the absence of an inversion center, The line foes sensitive 
to the vanishing of inversion centers proved to be the vy = 15 390 cm line 
(1D,— *H, transition). 

Both the position of the spectrum and the magnitude of the splitting indicate 
that the crystal field in SrTi03 is somewhat stronger than in BaTi0g3, and that thi 
field varies continuously and more or less linearly in the system of (Ba,Sr)Ti03(H 
solid solutions. The same inferences may be drawn from the spectrum of Sm in 
BaTi0g3 and SrTi03. 

Observations of the temperature behavior of the spectrum of Pr in BaTi0g and 
investigation of the (Ba,Sr)Ti03 solid solution system showed that internal dipole 
transitions (v5 line) are allowed not only below the Curie point but also up to 
15-20° above the Curie point; this indicates that the electron cloud remains po- 
larized above the Curie point and retains O, symmetry only statistically. 

It has been reported’ that the spectrum of Pr is more sensitive to changes 
in the crystal field than the spectrum of Sm. In our case, however, the spectrum 
of Sm seems to undergo greater changes in going from BaTi0g3 to SrTi03 than the 
spectrum of Pr. 

The substantially greater intensity of the spectrum of RE in CaTi0g indicates: 
that in this case there may occur dipole transitions with a very great oscillator 
strength, owing to the highly asymmetrical position of the RE ion in CaTi0g, 


Conclusions 


1. The rare earth probe procedure makes it possible to determine the poten- 
tial function of the crystal lattice field (magnitude and symmetry). 

2. The fact that there is evinced a sharp luminescence spectrum indicates 
that there form substitutional Ba(RE,Ti)03 solid solutions. 

3. Even our qualitative observations of the spectra have enabled us to com- 
pare the lattice fields in BaTi0s, SrTi03 and CaTi0. and to follow the changes 
occurring incident to the phase transition. In Dacticel act! we established that 
above the Curie point the electron cloud of the central ion in the oxygen octa- 
hedron remains strongly polarized. 

4. Use of the rare earth probe technique may prove useful in the solution 
of a number of technological problems: for example, investigation of the forma- 
tion of (Ba,Ca)Ti03 solid solutions and other reactions in the solid state. Use 
of this technique in conjunction with x-ray diffraction studies and other pro- 
cedures should greatly facilitate interpretation of crystal structures. 


Physical-Mathematical Faculty, 
Rostov-on-the-Don State University 


References 


1. Yu.N.Venevtsev, G.S.Zhdanov, S.P.Solov'ev & V.V.Ivanova, Kristallografiya, 
4, 255 (1959). (Trans.Soviet Physics - Crystallography.) 

zs G.S.Zhdanov, S.P.Solov'ev & Yu.N.Venevtsev, Ibid., 2, 639 (1957). (Trans. 
Ibid. 

3. N.V.Afanas'eva, Optika i spektroskopiya, 3, 629 (1958) ; Thesis, Leningrad 
Polytechnic Institute, 1953. 
Pca K,Osima, S.Hauakawa, H.Nagano & M.Nagusa, J.Chem.Phys., 24, No.4, 903 

5. J.Naray-Szabo, Bull.Univ.Tech.Sci., Budapest, 1, 30 (1947), 

6, A.F.Yatsenko & T.P.Popova, Present issue of the Bulletin, p.1310. 


at 7. M.A.El'yashevich, Spektry redkikh zemel' (Spectra of the rare earths) ,M. 


- L317 = 


PREPARATION AND SOME FERROELECTRIC PROPERTIES OF LITHIUM HYDROSELENITE 
- V.P.Konstantinova, I.M.Sil'vestrova, L.A.Shuvalov & V.A. Yurin 


Lithium hydroselenite LiHSe03°H2Se03 (hereinafter LHS) crystallizes in the 
monoclinic system, with space group P,. As a ferroelectric it was first described 
by Pepinsky & Vedaml. The spontaneous polarization at room temperature, accord- 
ing to these authors, is 15 ucoul/em2, the coercive field 1400 v/cm. 


We synthesized LHS in an aqueous solution of selenious acid and lithium hy- 
droxide in stoichiometric proportions: 


WHoSe03 + LiOH = LiHSe03-HpSe03 + H20. 


A number of difficulties were encountered in attempting the synthesis. One of 
these stemmed from the instability of selenious acid and its compounds at tempera- 
tures above 50°. A large amount of heat is evolved when the solutions are mixed, 
leading to heating of the mixture and precipitation from it of amorphous red seleni- 
um. Hence synthesis must be carried out with continuous stirring and cooling of 
the solution. In the process of recrystallization of LHS, evaporation of the solvent 
is carried out at room temperature. The presence of SO5 or SOg3 in the ambient air 
also has a deleterious effect on the stability of LHS solutions. 


The temperature dependence of the solubility of LHS 


g/100 g Ho0 (Fig.1) shows that LHS crystals can be grown by the method 
400 of reducing the temperature in conventional laboratory 
crystallization pans.? 
500 teas LHS solutions are highly viscous and capable of high 
200 degrees of supersaturation. At low supersaturations from 
— a point seed there grow thin plates with the width along 
100 the b axis and the length along the c axis. The surface 
0 of such plates is distorted and covered with a large nun- 
10 30 50 %% per of growth hillocks. Upon supercooling of a saturated 
Fig.1. Temperature de- solution by 5-69 these rounded faces disappear and there 
pendence of the solu- appear the (110) faces of regular rhombic prisms. In 
“pility of LHS. crystallizers of 700 cm3 capacity we succeeded in growing 


crystals of up to 100 g in three days (Fig.2). To the 
other difficulties encountered in growing LHS crystals, one might add the tendency 
of the crystals to crack along the cleavage plane during growth. We were able to 
obviate this difficulty by additional purification of the initial material and 
growing the crystals at high degrees of supersaturation. 

According to our measurements, the melting point of LHS is 110.5°. The speci- 
fic gravity (pycnometric measurement) is 3.185 g/cm3. Measurement of the angles 
between the faces, using the values of the lattice constants given by Pepinsky & 
Vedam! enabled us to establish that the most highly developed faces are the four 
(110) faces of the rhombic prism and the two pinacoids (101) and (101). 

As noted above, LHS is monoclinic; the monoclinicity angle is 105°. The crys- 
tals are characterized by perfect cleavage. We assumed the following orientation 
of the crystallographic axes. As the b axis we take the perpendicular to the cleav- 
age plane. The a4 and c axes are assumed to lie in the cleavage plane at an angle 
of 105° to each other and are parallel to the natural edges of the crystal (Fig. 3). 
The cleavage plane coincides with the only symmetry element, namely, the symmetry 

lane. 
e The principal difficulty in investigating LHS crystals was determination of 

the polar direction. Pepinsky & Vedam! state that the polar direction lies close 
to the (407] direction, which according to our choice of axes is located at an angle 
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Fig.2. Typical LHS crystal 
(weight 100 g). 
Fig.3. Orientation of the crystallo- 
graphic axes in an LHS crystal and 
location of the principal faces. The 
figure at the right is a cross section 
of the crystal in the cleavage plane. 


shee 435°] 145° oe |—10°} —42° —54° | —72° —90° jn —115° 
ae 49,4) 21—25,5| — 131,5) 438,5—45| 44,5—44,7 39,9 33,4 | — 
P.,ucoul/em*|0 | 0  |0,4616,45|7,6—9,6| 9,45—9,7] 10,2-10,5] 10-43] 9,0 | 5,0 
Bo, V/cm Fluctuates in the range ftom 1700 to 2700 


of -65° to the c axis.* In connection with the fact that the polar direction is 
not given precisely in the work of Pepinsky & Vedam, we investigated the varia- 
tions of the dielectric constant ¢,;,, the spontaneous polarization P, and the co- 
ercive field E, as functions of the direction in the crystal. For these measure- 
ments we cut plates the normals to the principal faces of which lay in the cleav- 
age plane in different directions. The results of these measurements are given 
in the accompanying table. 

The variation of e3; and Pg with the direction in the cleavage plane is shown 
in Fig.4, from which it will be evident that the maximum values of 4, and Pg are 
observed in different directions: -50° to the c axis for ¢,, and -90° to the c¢ axis 
for Ps. Neither of these directions agrees with the [407] direction reported by 
Pepinsky & Vedam. Further and more accurate investigations are necessary for pre- 
cise determination of the polar direction in LHS crystals. 

In Fig.4 we also reproduce the hysteresis loops observed in different direc- 
tions in the LHS crystal. The most symmetrical and rectangular loops were ob- 
served in cuts parallel to the (101) face, the normal to which is located in the 
cleavage plane at an angle of -420 to the c axis. In the direction corresponding 
to the maximum value of Pg there are frequently observed distorted, in particular 

double hysteresis loops. These distortions are presumably caused by impurities 
absorbed by the crystal in the process of growth. 

The value of the dielectric constant ¢,, in the direction perpendicular to 
the cleavage plane proved to be 11.8, which agrees with the data of Pepinsky & 

*The erroneous assertion in Ref.1 that the polar direction must lie along a 
perpendicular to the (001) plane is presumably a misprint. 
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Fig.4. Variation of the dielectric constant oe (dashed line) and spontaneous 
polarization Pg (solid lines) with the direction in the cleavage plane (ac plane), 
and corresponding hysteresis loops. 


Vedan. 

We investigated the temperature dependences of the dielectric constant, the 
spontaneous polarization and the coercive field, and also the variation of the 
dielectric constant with the strength of alternating fields of different frequen- 
‘cies on plates with the normals forming an angle of -42° with the c axis (direc- 
tion close to the direction of maximum «,,). These dependences are plotted in 
Figs.5,6 & 7. 

It will be evident from Fig.5 that the dielectric constant increases with 
increasing temperature. Presumably the rise of the dielectric constant at ele- 
vated temperatures approaching the melting point should be attributed to increase 
in conductivity. The temperature dependence of the dielectric constant obtained 
in our experiments is similar to the dependence recorded by Pepinsky & Vedant, 
but our values of the constant are somewhat higher. 

It follows from Fig.6 that the spontaneous polarization of LHS increases con- 
tinuously with temperature; in contrast to the case of many other ferroelectrics, 
the increase of spontaneous polarization is accompanied by a decrease rather than 
an increase of the coercive field. 

It will be seen from Fig.7 that the maximum value of the dielectric constant 
with increase of the ac field (curve 1) is attained at E, = 3600 v/cm. In repeat 
measurements, carried out after the passage of sufficient time for cooling of the 
specimen, ¢,3, was attained at E, ~ 2000 v/cm. This is undoubtedly due to "aging" 
of the specimen by the alternating field during the first series of measurements. 

Switching (polarization reversal) of LHS crystals by bipolar square pulses 
was investigated by the same procedure as that used in investigating switching 
of tri-glycine sulfate” and deuterated tri-glycine sulfate crystals3, In view 
of the fact that we had to use longer pulses, the set-up described in Ref.4 had 
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to be modified somewhat. For pro- 
ducing the pulses we used a GIS-2 
generator with a power amplifier, 
having a somewhat higher output 
resistance (300 ohm). 

As in the tri-glycine sulfate 
experiments, the specimens were 
prepared in the form of thin plates 
(0.15-0.25 mm thick) with cross- 
shaped electrodes. It was found, 
however, that electrodes of vacuum 
evaporated silver rapidly lose 
their metallic conductivity. Hence 
we used electrodes of silver foil, 
which retained their conductivity 
for an appreciable period. More- 
over, in view of the poisoning ef- 
fect of selenium oxide vapor the 
specimens were sealed into vacuum 
tube envelopes. 

Inasmuch as LHS crystals have 
a high dielectric loss, it was par- 
ticularly important to have a small 
switching volume in order to avoid 
overheating.* Thus, plates 4-5 mm 
in area and 0.23 mm thick with ful- 
ly metallized top and bottom sur- 
faces in being switched at room 
temperature at a frequency of 5-10 
ke overheated, broke down and melt-— 
ed within a fraction of a second; 
hence in most experiments the 
electrode area did not exceed 0.2 
mm2, 

Fig.5. Temperature dependences of the dielec- Most of the investigated crys-— 
tric constant of LHS in different directions: tal plates in being switched by bi- 
1 - normal to the crystal plate at an angle polar pulses exhibited appreciable 
of -42° to the c axis in the cleavage plane unipolarity. The values of the 
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(field 1.8 v/em, frequency 1 kc); 2 - same maximum switching current density 
plate (field 5 v/em, frequency 10 kc); 3 - inax/S and the reciprocal of the 
normal to the plate perpendicular to the switching time gts proved to be 


cleavage plane (field 5 v/cm, frequency 1 kc). greater for plates with the normal 
at an angle of -42° to the c axis 

than for plates of the same thickness with the normal at an angle of -90°, 

Even at relatively elevated temperatures* (to 90°) the specimens switched 
completely only with relatively long pulses (30-200 usec) having amplitudes to 
130 v (to 7 kv/cem). In almost all cases the switching pulse rise time Tt proved 
to be substantially shorter than the pulse decay time Tq (by a factor of 6-15) 
This shows that in weak fields the nucleation time in LHS is appreciably ereates 


*In switching at elevated temperatures the silver foil elect 
rodes 
lost metallic conductivity. rapidly 
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Fig.6. Temperature dependences of the coercive field Ec and spontaneous polariza- 
tion P,. Normal to the plate at an angle of -42° to the ¢ axis in the cleavage 
plane. 


é a than the domain wall motion 
time”*. 

The values of the acti- 
vation field determined from 
the intersection of the 
linear parts of the in,,/S = 
= f (E) and 1/Tmax = f (E) 
~ curves, recorded at 150 pps, 

/ with the horizontal axis 
varied at room temperature 
in the range from 3.8 to 
4.5 kv/em, and at 80° in 
the range from 2.7 to 3.3 
kv/em. The wall mobility 
tj, determined from the slope 
of the approximately linear 
section of the 1/Tmax = f (E) 
curve was less than 1 cm?- 
v7l sec! at 20° and of the 
order of 4 cm2 v7! secu! at 
80°, The switching conduc- 
3 tivity o,, determined in a 
similar manner, was found 
to be less than 1°1073 ohm7!. 
em71 at 20°, and of the or- 
der 4-1073 ohm-1 cm71 at 80°. 
The above data are prelimin- 
ary in nature and hence must 


: e 500 1000 ~=—-:(1500 2000 ©2500 =§=3000 3500 4000 4500 be regarded as only approxi- 
; E.., ¥/cm mate. 
_ Fig.7. Field dependences of the dielectric constant We take this opportuni- 
of LHS. Normal to the crystal plate at -42° to the ty to thank V.A.Frolova, 

i; exis in the cleavage plane; temperature 20°, 1-9 ------------ --- 

_ frequency 100 cp; 2 - repeat measurement under the *This result disagrees 
same conditions; 3 - frequency 1 kc. The insert with the latest data of 
- above shows the initial sections of the curves to Fatuzzo & Merz°, whose re- 
an enlarged scale. port we read only in pre- 

- paring the present article 


_ for publication, and is not consistent with the concepts developed by these authors. 


= 1322 - 


L.N.Kurkovskaya and K.A.Pluzhnikov for assistance in carrying out the investiga- 
tion and I.S.Zheludev for valuable suggestions. 
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DOMAIN WALLS AND ETCH PIT NETWORKS IN DEUTERATED TRI-GLYCINE SULFATE CRYSTALS 
|! - V.P.Konstantinova 


Surface etching is widely employed for investigating different properties of 
crystals: for studying twinning, for bringing out the faces of disoriented blocks 
and slip planes and for determining the distribution and motion of dislocations. 
For example, Hooton & Merz! and Pearson & Feldmann? employed the etching technique 
for studying twinning and other effects in ferroelectric BaTi03 crystals. 

In earlier studies3,;4 we used the method of surface etching of plates cut 
parallel to the (010) and (100) faces to investigate the orientation and structure 
of domain walls in tri-glycine sulfate (TGS) crystals. Pearson & Feldmann2 and 
Meleshina, Zheludev & Rez® give the results of comparative investigation of the 
domain structure of GAS and TGS crystals by two procedures, namely, the charged 
powder procedure and the etching technique. In our opinion, the etching technique 
can not only give a clearer picture of twin walls, but can also yield more detail- 
ed information on the structure of individual single domain regions. 

The present contribution is devoted to the question of the correlation be- 
tween the domain walls in ferroelectric crystals of deuterated tri-glycine sulfate 
(DTGS) and the defect network in such crystals, and to the question of the varia- 
tion of this network with movement of the domain walls under the influence of an 
applied electric field. 

As noted in an earlier report§, the domain structure of DTGS can readily be 
observed by means of a metallographic microscope on the etched surface of plates 
‘split along the cleavage plane or cut out by means of a moist thread, perpendicu- 
lar to the polar Y axis (b axis). The etching was carried out by laying the crys- 

tals face down on a smooth cloth soaked with water or an unsaturated water solu- 
tion of DTGS. Plates that are ground beforehand etch more rapidly, and the etch- 
ing process simultaneously brings out the twin (domain) boundaries and etch figures 
that are different on the twin components with opposite directions of spontaneous 
polarization. The twin component with the negative end of the polar Y axis etches 
“more rapidly than the component with the positive end of the polar axis. Etching 
of plates obtained by splitting the crystal along the cleavage plane and of plates 
» polished beforehand proceeds more slowly. In this case there are first revealed 
domain walls and then etch pits on the side with negative Y and last etch pits on 
the side with positive Y. 
Z In earlier reports there were reproduced micrographs of the domain structure 
of TGS3,4 and the similar domain structure of DTGS®. 
It was found? that individual domains in TGS and DTGS crystals may occupy the 
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Fig.l. Ordered arrangement of etch pits on the surface of a Y cut DTGS crystal 
plate: a - parallel rows (50 X), b ~ system of parallel rows (50 X), c - system 
of parallel rows (150 X). 
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Fig.2. Shape of twin walls in Y cut DTGS crystal plates: a - partially polarized 
specimen (150 X), b - nonpolarized crystal grown by the block technique (4 X). 


entire growth pyramid of a face. In 
the case of large crystals the volume 
corresponding to a domain may amount 
to several cubic centimeters. Hence 
it is of interest to investigate the 
structure of an etched surface of a 
single domain region, i.e., to study 
the arrangement of etch pits on an 
etched single domain surface. 

In addition to a random distribu-- 
tion of etch pits, we frequently ob- 
served clear regular patterns. Micro-- 
# oe ae graphs of etched Y cut DTGS crystal 
Fig.3. Domain walls on different sections plates (Fig.1,a) show that the etch 
of a Y cut DTGS crystal before application pits are arranged in parallel rows. 

of an electric field. In some cases there appears not just 

one system of parallel rows, but sever: 

al (Figs.1,b & c) oriented at definite angles to each other. At present we are 
trying to determine whether these etch pits are the points of emergence of disloca: 
tions or due to some other crystal defects. It is interesting to note that these 
pits are highly mobile both under the influence of variation in temperature and 
under the action of an electric field. The angles between the rows of pits are 
not arbitrary; similar angles are observed in domain wall patterns (Figs.2,a & b). 

Upon application of a sufficiently strong de field to a metallized polydomain | 
Y cut DIGS plate the plate is "monodomainized" and the domain walls disappear. In. 
the case of partial switching of the specimen and subsequent etching one can follov 
the displacement of the domain walls under the influence of the applied electric 
field. 

We carried out a number of experiments designed to bring out the wall motion. | 
Micrographs of two sections of the etched surface of a non-poled Y cut DTGS plate — 
are reproduced in Fig.3. Then silver foil electrodes were applied to this plate 
and it was subjected to the action of a 900 v/em electric field for 20 hours. Af- 
ter removal of the field the plate was etched again and the etched surfaces re- | 
photographed (Fig.4). It will be seen in Fig.4,a that the original characteristic 
elliptical domain walls have been replaced by rectilinear walls. These walls are 
parallel to the (001) face. The ends of the domain strips are also bounded by 
straight lines oriented at an angle of ~10° to the (001) planes. Angles of the 
same magnitude were observed earlier between the rows of etch pits on single domain 
plates (Fig.1). There also appear on the surface of the plate domains in the form 
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Fig.4. Domain walls on different sections of a Y 
cut DTGS crystal plate after removal of a 900 v/cm 
electric field. a - rectilinear domain walls; the 
domain walls move in steps; the field was applied 
for a period of 20 hours. b - rhombic twin; field 
applied for 20 hours. c — regular rows of etch 
pits marking trails of domain walls; field applied 
for a period of 30 hours. d - chaotic distribution 
of etch pits; field applied for 4 days. 


of parallelograms with an acute angle of 10° (Fig.4,b). 
Repeat application of an electric field leads to further "monodomainization”: 


the domain walls move, leaving a trail of a series or row of etch pits (Fig.4,c), 
which in some cases fully repeats the domain wall pattern. Finally, application 
‘of a stronger field for a period of 2 days or more breaks up the ordered arrange- 
“ment of the domain pits (Fig.4,d). 
: At present it is premature to draw any definitive deductions. One can only 
assert that there exists a network of defects in DTGS crystals. The distribution 
of these defects is intimately connected with the arrangement of the domain walls 
in the crystal. The shape of the domain walls is determined by how these domains 
appear or disappear during crystal growth, under the influence of an applied field 


or spontaneously. 
Zz In a recent note, Chynoweth’ reports the 
fine, stable ("persistent") domains pointed at both ends and lying along the fer- 


- roelectric direction. Possibly what Chynoweth actually observed was not "persist- 
ent" domains, but series of etch pits of the type observed by us. 

= I desire to express my gratitude to E.M.Akulenko and V.A.Frolova for assist- 
d carrying out the experiments. 
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SOME ELECTRIC CHARACTERISTICS OF AMMONIUM DI-H-PHOSPHATE SINGLE CRYSTALS 
- I. Ya. Eisner 


As is knownl=3 , investigation of the temperature dependence of the dielectric 
constant of ammonium di-H-phosphate (ADP) single crystals has been limited on the 
low temperature side by the critical temperature -125° at which the crystals frac- 


ture. Hence investigation of ADP single crystals in the region of low tempera- 
tures is particularly intriguing. 


1. Some information on the changes occurring 
in ADP crystals at the critical temperature can be 
obtained by investigating the transparency. To 
this end we placed an X cut ADP single crystal 
plate between a photocell and a white light source 
and followed the variation of the photocell cur- 
rent in the process of cooling the crystal from 0 
to -180°. It was found that at the critical ten- 
perature (-1259) the transparency of the specimen, 
as indicated by the ratio of the photocell currents 
I'/I, falls off abruptly from 0.85 to 0.05, as 
shown in Fig.1 (I is the current with the photocell 
directly illuminated by the source, and I' is the 
current with the light passing through the ADP 

specimen). This abrupt decrease in transparency can be explained by phase transi- 
tion of the ADP crystal at -125°. With transition from the tetragonal to the 
orthorhombic modification?’ there develop severe stresses in the crystal and these 
produce numerous microcracks which sharply reduce the transparency of the crystal. 
Further gradual cooling of the crystal to -180° does not result in any further 
change in transparency. In the course of reverse temperature variation, i.e., 
slow warming from -180° to 0° there is observed a minor additional decrease in 
transparency at a temperature close to -50°. 

2. We measured the variation of the dielectric constant and loss tangent at 
-a frequency of 50 cps in fields from 3000 to 10 000 v/em in the directions of the 

-X (or Y) and Z axes in specimens cut from "pure" ADP single crystals. 

We found that metallizing the crystal plates with 0.004 mm thick gold foil 
results in favorable conditions for carrying out electric measurements in the 
range of low temperatures. Despite the development of microcracks, metallized X 
and Z cut specimens remain in one piece throughout the cooling-heating cycle and 
are suitable for repeat measurements. 
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Fig.l. Temperature dependence 
of the transparency of an X 
cut ADP single crystal during 
cooling and heating. 


00 


Fig.3. Temperature dependence of 

the dielectric constant of a Z cut 

—2 0 ADP crystal plate during cooling 
Bel and heating. 

‘Fig.2. Temperature dependence 
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of the dielectric constant of 
an X cut ADP crystal plate 
during cooling and heating. 
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The results obtained by us (Figs.2 & 3) in 
the temperature range from 0 to -125° are in good 
agreement with the results of earlier investiga- 
torsi-3. With decrease in temperature the dielec- 
tric constants €y and €z monotonically increase, 
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attaining values of 97 and 35, respectively, just above the critical temperature 
and then simultaneously at -125° abruptly fall to 15 and 12, respectively. Cool~ 
ing of the specimens down to ~180° is accompanied by further slow decrease of both. 
dielectric constants to a value of about 9-10. 

Subsequent slow warming results in growth of the dielectric constant, but 
the maximum of the dielectric constant is attained at a temperature somewhat high- 
er than the critical point. The observed temperature hysteresis, which, incident- 
ally, is characteristic of higher order phase transitions, is in agreement with 
the specific heat hysteresis observed in an ADP single crystal by Stephenson & 
Zettlemoyer’, Further heating of the specimens to -50° is accompanied by monoton- 
ic decrease of the dielectric constant. 

Debye patterns recorded for the specimens before cooling to the critical 
temperature and then again for the same specimens cooled to -180° and warmed do 
not show any significant differences. 

Thus in going from low to high temperatures,X cut ADP crystals in passing 
through the critical point undergo a phase transition from the orthorhombic to 
the tetragonal modification. Consequently, the critical temperature (-125°) is 
the Curie point. 

Measurements of the loss tangents of X cut plates show a rapid decrease of 
tan 5 from 0.2 at room temperature to 0.001-0.0001 at temperatures below 0°G? 

This is presumably connected with rapid decrease of the electric conductivity 

due to impurities that are inevitably present even in "pure ADP crystals. But 

if one follows the temperature variation of tan 6 during heating of an X cut speci- 
men from -180° to O° there is observed a value of the order of 0.0001 for tan 8 

in the interval from -180° to -50° and then a rather rapid rise. This increase 

of tan 8 is probably due to further disturbance of the crystal structure in the 
process of warming. 

3. We also investigated the dielectric constant and loss tangent of ADP sing=- 
le crystals grown from solutions containing (NH4) 2590, and (NH 4) oCro07 in differ- 
ent concentrations from 1 to 6%. 

These impurities noticeably alter the habit of the ADP crystals and modify 
their piezoelectric properties®, but we did not observe any effect on the tempera- 
ture of the phase transition. The difference between the values of €, at the 
Curie point for "pure" and doped ADP crystals does not exceed a few units. On the 
other hand, introduction of impurities results in a significant change of tan 8. 
Thus, for example, the room temperature value of tan 8 for specimens from an ADP 
solution ‘with only 1% (NH4) 9890, increases by a factor of 3 compared with the val- 
ue for "pure ADP. (Tan 8 = 0.2 for pure crystals and 0.6 for doped crystals.) 
The observed increase of tan 8 for doped ADP crystals can be attributed to increase 
of the conductivity owing to the presence of impurity ions. 
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OBTAINING A STABLE SINGLE-DOMAIN STATE OF FERROELECTRICS 
- V.A. Yurin 


Earlier it was reported!~4 that y-irradiation of Rochelle salt crystals pro- 
duces substantial alterations of their ferroelectric properties. When an X cut 
Rochelle salt specimen is subjected to a certain dose of y-radiation, its hystere- 
sis loop transforms from the usual normal loop to a double one. Further increase 
of the radiation dose leads to complete disappearance of the hysteresis loop with- 
out (and this is significant) any substantial changes in the domain structure pat- 
tern.2 Somewhat analogous changes in the ferroelectric properties of Rochelle 
salt are produced by the introduction of copper ions in the process of growing 
the crystals.5-7 Subsequently, we also investigated the effect of y-radiation on 
the ferroelectric properties of another ferroelectric, namely, tri-glycine sulfate: 
with increase of the radiation dose the properties of this material vary in the 
same way as those of Rochelle salt.® A tendency to analogous variation of the 
ferroelectric properties has been reported for a barium titanate single crystal 
subjected to irradiation in a pile.? All these effects are of a highly complex 
nature, and their interpretation and explanation require comprehensive and ex- 
tensive investigation. The present work was a continuation of the research re- 
ported on in Refs.1-6 and was devoted primarily to investigation of the effect of 
different external influences (annealing and electric fields) on the anomalous 
properties and domain structure of ferroelectrics. 

For the present experiments we chose Rochelle salt containing Cu ions (0.01 
percent by weight), since this has been found to be more susceptible to external 
influences than irradiated salt. 

For X cut plates of such crystals there are observed clear (in some cases 
asymmetrical) double hysteresis loops (Fig.l,a & e). The critical field E,, (the 
field corresponding to the center of the loop components) of such double loops 
attains 1-2 kv/cm and depends on the impurity concentration, on the temperature 
“and, as will be shown below, on the previous history of the specimen. The domain 
structure (as revealed by a polarizing microscope) has the same appearance as that 

-in ordinary Rochelle salt crystals. However, the behavior of the domain structure 
“under the influence of electric fields differs in copper containing crystals from 
the behavior in ordinary crystals. Reorientation or switching of the domains in 
crystals with copper impurity begins in an applied field E = E,y of the double 
| hysteresis loop. The specimen becomes a single domain specimen in a field corre- 
sponding to the saturation field Esq; of the double loop. The field values are 
appreciably higher than those at which switching of the domains begins and goes 
to completion in ordinary Rochelle salt crystals. 

Z Annealing of the specimens at 40-45° for 15-20 hours or holding them in alter- 
“nating field E >» Egat for 8-10 days at room temperature transforms the double 
hysteresis loop into a normal one (Fig.1, process a—b). However, if an annealed 
“specimen is held for a prolonged period at a temperature between the Curie points 
din the absence of external influences continuously "disturbing the domains (for 
_ example, alternating fields), there is re-established the state for which there 
is observed the initial double hysteresis loop. The rate of re-establishment of 
the double hysteresis loop depends on the temperature at which the specimen is 
“held: the time decreases with reduction of the temperature. Fig.2 shows two typi- 
cal curves characterizing the variation of Ecr with the holding time at different 
temperatures. Analysis shows that these curves are closely approximated by the 
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Fig.l. Transformation of hysteresis loops of Rochelle salt containing Cu. a—b 
and c—b: heating of the specimen at 35-459. The other transformations occur at 
temperatures between the Curie points. a-—b: holding the specimen in an alternat— 
ing field E. »Ecr. b—a: holding in zero external field. b—c: holding in a de 
field E. > Egat (in this case E, <0). c—b: same but with EL» Epi. a-——d: same 
but with E. > Egat. d--c: same but with E.> Epy. b—e: same but with E. < Egats 
d—a: same but with E= = Epj. ef: same but with E. = Ecr- The rectangles with 
arrows symbolically indicate the domain structure established in the specimen afte 
removal of the external fields. The hysteresis loops were recorded oscillograph- 
ically at a frequency of 50 cps in zero de field. 


where E, is determined primarily by the copper cont 
centration in the crystal and the temperature. 
Assuming the relaxation time tT of the process of 
re-establishment of the double hysteresis loop to 
U 
be described by t = te? (on the assumption that 
the variation of Ecy is connected with diffusion 
Fig.2. Variation of the criti- processes in the crystal) and having plotted the 
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cal field Egy of the double variation of 1n tT vs 1/T, one can from the slope 

hysteresis loop with the of this plot determine the activation energy of 

holding time at different the process. We obtained a value of 1.08 ev for 

temperatures (process b—a the activation energy. 

in Fig.1): 1 - at 18°, 2 - We continuously observed the domain structure 
at 5°, of the specimen through transparent electrodes in 


the process of re-establishment of the double hys- 

teresis loop. We observed no noticeable changes in the shape and dimensions of 
the domains. However, with increase of Ecy we noted an increase of the angle be- 
tween the positions of extinction for neighboring domains, which indicates in- 
crease of the spontaneous deformation yy Our preliminary measurements showed 
that at room temperature the difference between the domain extinction angles in 
some specimens before and after re-establishment of the double hysteresis loop is 
about 0,49, 

It may be concluded on the basis of the described experimental results that 
the introduction of Cu ions into a Rochelle salt crystal brings it to a new state. 
in which the domain structure acquires substantial stability as regards external 
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lectric fields. The stability is evinced in that for domain switching in such 
rystals a substantially stronger field is required than for switching in ordin- 
ry Rochelle salt crystals. This stable state persists in the crystal indefinite- 
y and breaks down (and then reversibly) only as a result of very prolonged ap- 
lication of such external influences as a strong alternating field or annealing 
it a temperature above the upper Curie point. 

It is important to note that the specimens after annealing were held in their 
atural polydomain state, as a result of which this state acquired stability. Our 
‘urther studies showed that if the specimens after annealing are held at the same 
femperature but in the single domain rather than the polydomain state (the single 
lomain state can be obtained by applying a de field E. > Egat of the normal hys- 
seresis loop to the specimen), this state also becomes stable. Observations by 
aeans of the polarizing microscope showed that specimens after removal of the dc 
Field do not fragment into domains even after aging in a strong alternating field 
For several hours. The hysteresis loop in this case transforms from the normal 
Loop not to a double loop but to a shifted or biased loop (Fig.1, process b—c). 
fhe direction of the shift is opposite to the direction of the polarizing de field 
and consequently of the direction of the spontaneous polarization vector tg iS 
the specimen after annealing is held in a field of opposite polarity, after remov- 
al of the field the loop is biased in the opposite direction (Fig.1,d). To dis- 
turb the stability of the single domain state (Fig.1, process c~-b) one must apply 
external influences for an appreciable time, just as for disrupting the stability 
of the polydomain state. The degree of stability of the single domain state can 
be evaluated from the magnitude of the bias field E,4y (the bias field is the value 
of the field corresponding to the center of the biased hysteresis loop - Fig.1,d) 
and its dependence on the time the "disturbing" influence (annealing or E.~» Epi) 
is applied. It is more convenient to determine Epi not from the loop oscillogram 
but by measuring the value of external dc field that must be applied to the speci- 
men in order to bring the center of the hysteresis loop back to the zero coordin- 
ate on the oscillograph screen, i.e., the value of the external field necessary 
to compensate the "internal bias’ in the specimen. The variation of this field 
as a function of the holding time in a polarizing field leading to formation of 
the biased loop is characterized by curves similar to those shown in Fig.2. 

Further investigations showed that low temperature annealing is not necessary 
for obtaining a stable single domain state in the specimens. If a specimen with 
a double hysteresis loop is held for a long time in a de field E.> Egat (for ex- 
ample, a positive field) at some temperature between the Curie points, the double 
hysteresis loop gradually transforms into a biased loop, and consequently, the 
specimen goes over from the stable polydomain state to the stable single domain 
state. The transformation of the hysteresis loop is realized by gradual displace- 
ment of the "right" loop to the left until it joins the left loop (Fig.1, pro- 
cess a—d). In like manner one can transform a stable single domain state with 
negative direction of the polarization vector to a stable single domain state with 
positive direction of P, (Fig-1, process c—d). To accomplish this the specimen 
must be held in a negative dc field Ej > Epi (in the presence of which the speci- 
men becomes a single domain one with P, in the negative direction). In meeneoe 
of this process the “internal pias” changes sign, passing through zero in the pro 
the variation of Epy with the holding time in a de field E. = : pen Paes 
course of processes d—c and c--d is shown in Fig.3. Curves 1 and 2 are y 


characterized by the following analytic expressions: 
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and 


Us 
Ey; (t) = Eo(2e * —4) 
The time variations of the dielectric constant € 
and the Curie points Tg observed in the course of 
these processes are also shown in Fig.3. 

It follows from the above described experi- 
mental results that in a crystal of Rochelle salt 
containing copper ions one can "fix'' any desired 
domain pattern from 50% twins to the single domains 
state. To this end one need only apply the ap- 
propriate external influence to form the desired 
domain structure and hold the specimen under these 
conditions for an adequate time. This inference 
is substantiated by the results of our further ex- 
periments on transformations of the hysteresis 
E10 loop. Thus for obtaining an unsymmetrical loop 
3 one must hold the annealed specimen in a de field 
a Ej < Egat (Fig.1, process b—e) in the presence of! 
1 
0 
G 


which the volume occupied by domains with opposed 
polarizations are not equal. The ratio of the 
0 My Hot, hr areas of the "right" and "left" hysteresis loops 
25 in this case will be determined by the ratio of 
the domain volumes. 
In order to transform a biased loop into a 
a, 50 00 760 t,he double loop (i.e., to transfer the specimen from 
the stable single domain state to a stable poly- 
Fig.3. Time variation of the domain state), one must first "force" the specimen: 
bias field E,;4, the dielec- to fragment into domains. To accomplish this one 
tric constant € and the Curie need only apply to the specimen a de field E= = Ep, 


temperature Tg of Rochelle compensating the"internal bias” (upon application — 
salt containing Cu in the of the de field,domains appear in the field of 
course of processes d—c and view of the polarizing microscope) and hold the 
c—d (see Fig.1). Tempera- specimen for an appropriate time in this compensat- 


ture 18°, The E. = 5 kv/cm ing field. By cutting off the dc field from time 
field was removed during the to time and applying an alternating field (for ob-: 
measurements. servation of the loops) one can follow the “split-: 

ting" of the bias loop and its gradual transforma-. 
tion into a double loop (Fig.1, process d—a). One can readily split either of 
the components forming the double loop. Splitting of the "left" loop is illustra- 
ted in Fig.1 (process e~f). 

From the experiments with Rochelle salt containing copper it was concluded 
that in the process of y-irradiation of Rochelle salt or tri-glycine sulfate spe- 
cimens there must be "fixed" the domain pattern that obtains in the specimen priox 
to irradiation. Thus in the case of tri-glycine sulfate specimens strongly polar- 
ized in a de field prior to irradiation, after irradiation there was observed not. 
a double but a biased hysteresis loop.8 

After most of the above described experimental work was completed, we receiv- 
ed the journal containing Chynoweth's10 exhaustive study of “Radiation Damage Ef- 
fects in Tri-glycine Sulfate.' Chynoweth's results are in good agreement with what 
was found earlier for Rochelle salt irradiated with y- and x-raysl-4 and with He | 
results of the present investigation. 

| 
| 


A detailed discussion of our results will be published at a later date, henc 
here we shall restrict ourselves to a few remarks. 
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The character of the curves shown in Figs.2 and 3 gives reason to infer that 
2e transformations of the hysteresis loops for crystals containing impurities 
re due to diffusion processes. Apparently, as a result of directed diffusion 
he impurity ions come to occupy positions in the crystal lattice that make for 
ea stability of the direction of the spontaneous dipole moments of the unit 
ell. 

There is evident a clear analogy between the above described effects and the 
erminvar effect, as well as the magnetic diffusive aftereffect, observed in some 
erromagnets containing impurities. This analogy is strengthened by the fact that 
he above hypothesis regarding diffusion of the impurity and stabilization of the 
ipole moments is in good agreement with the explanations proposedl1-13 for the 
erminvar effect and the magnetic aftereffect. 

In further investigations of the effects due to impurities one must bear in 
ind the great similarity between these effects and "aging" of ferroelectrics.14-16 

The possibility of obtaining stable single domain states of ferroelectrics 
hould facilitate utilizing the piezoelectric effect in the class of ferroelec- 
ric materials that exhibit piezoelectricity only in the polarized state. It is 
ot impossible that a suitable piezoelectric state can be realized in many ferro- 
lectric materials by means of an appropriate impurity or form of radiation. 

I desire to thank I.S.Zheludev for guidance in the work and V.P.Konstantin- 
va and I.Ya.Eisner for making available the crystals. 
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EFFECT OF GAMMA-RADIATION ON THE FERROELECTRIC PROPERTIES OF TRI-GLYCINE SULFATE} 
- V.A.Yurin, A.S.Baberkin, E.N.Kornienko & I.V.Gavrilova 


It is known that y-radiation produces substantial changes in the ferroelec-- 
tric properties of Rochelle salt crystals.1-3 A certain dose of y-radiation cau 
es the hysteresis loop of X cut Rochelle salt plates to change from the normal 
shape to a double loop. Further increase of the radiation dose leads to completé 
disappearance of the loop. 

After our early work with Rochelle salt, we investigated the influence of 7 
radiation on the ferroelectric properties of another ferroelectric, namely, tri-: 
glycine sulfate (TGS). In this work particular attention was given to obtaining | 
a single domain state, the possibility of obtaining which in ferroelectric mater? 
als was established earlier in the case of Rochelle salt.4 

The investigations were carried out by the following procedure. Y cut spec: 
mens of TGS of different shape and size, after application of silver electrodes 1 
vacuum evaporation, were placed in a holder which was then mounted near a Co 
source. The dosage rate was 235 r/sec. The holder was connected by means of a 
shielded cable with a set-up for oscillographic observation of the hysteresis 1loo 
which enabled us to observe the loops in the process of irradiation. 

The experimental results for TGS hysteresis loops may be summarized as fol- 
lows. 

1. If the irradiation is carried out at a temperature below the Curie point 
of TGS (ti, < Tc), then with increase of the dose received by the specimen, its 
hysteresis loop gradually transforms from the normal loop to a double one (Figs. 
a & b), the critical field E,, (for the meaning of Egy and other fields see Ref. 
4 - the preceding article) of which increases approximately in proportion to the 
radiation dose. At the same time the coercive field Eg of both parts of the dout 
loop gradually increases (for observation of the loops an appropriate alternating 
field was applied for brief periods at 20-30 min intervals). The increase of Eex 
at first is not accompanied by any noticeable change of the maximum polarization 
Pnax, but beginning with a dose of 5-108 r, Pmax begins to decrease rapidly. 

2. If in the process of irradiation there is applied to the specimen an al- 
ternating field E.,> Egat of the normal loop, no noticeable changes in the shape 
and size of the loop are observed; however, after removal of E. a double loop soc 
appears. The rate of this process decreases with decreasing temperature much as 
in the case of Rochelle salt containing copper*. 

3. If the specimen is irradiated at tiy> Tc, then after cessation of irradi 
tion and cooling to room temperature there are observed double loops with a small 
value of Egy, which under the influence of an alternating field rapidly transform 
into a normal loop. If the cooling is carried out in the presence of an alternat 
ing field, then even after an appreciable dose of radiation the loops remain norm 
In this case also, however, after removal of E. at room temperature there soon fo 
double loops. 

4. If the irradiation is carried out at tir < Tc and in the presence of a de 
field E| > Egat of the normal loop (i.e., with the specimen in the single domain 
state), then after removal of E-=, instead of a double loop, there is observed a 
biased loop (Fig.c), the bias field Epi of which is also approximately proportion: 
al to the radiation dose. The direction of displacement of the loop is Opposite 
to the direction of E., i.e., the sign of the radiation induced "internal biasing 
in the specimen is the same as the sign of the applied external field E.. Revers 
ing the polarity of E, changes the direction of the loop shift to the opposite. 

5. If the irradiation is carried out under the conditions outlined in sec- ; 
tions 2 and 3 above (we recall that such irradiation does not produce any change | 
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Hysteresis loops of tri-glycine sulfate: a - normal loop prior to irradiation, b - 

double loop after a radiation dose of 2:106 r, c ~- after a dose of 2°109 r put 

with the irradiation carried out in the presence of a positive dc field +E. > Egat. 
Measurement conditions: peak ac field 2 kv/cn, f = 50 cps, t= 20°, 


of the normal loop prior to removal of E.), but after removal of E~ and cessation 
of radiation the specimen is held in a de field Ej > Egat, instead of a double 
loop there forms a biased hysteresis loop. 

6. Some of the larger specimens after irradiation were subjected to repeated 
grinding; after removal of each successive surface layer, we immediately applied 
electrodes and recorded the hysteresis loops. No noticeable changes in the form 
of the hysteresis loop (double or biased) were observed. We note that in the pro- 
cess of irradiation the specimens acquired a uniform greenish-yellow color. 

7. When irradiated specimens are stored for a long period at room temperature 
in a state of "rest" (i.e., no external fields), the "damaged" hysteresis loops 


become more stable. After such stabilization in order to transform the "damaged" 


loop back to a normal loop one must either expose the specimen for a prolonged 
period to an alternating field or anneal it for a considerable time at a tempera- 


‘ture well above the Curie point. 


Conclusions 


1. Under the influence of y-radiation there is formed in tri-glycine sulfate 
erystals either a stable polydomain state (evinced by a double hysteresis loop) 
or a stable single domain state (manifested by a biased hysteresis loop), i.e., 
there is "fixed" in the specimen the domain structure that obtains in the process 
of irradiation and holding at t < Tg after irradiation. The fact that a double 
loop corresponds to a polydomain structure and a biased loop to the single domain 
state in ferroelectrics was established earlier2~4, 

2. The stability of the domain structure is due to the formation in the crys- 
tal of “internal bias fields"; the signs of the "snternal biases'' in neighboring 


antiparallel domains in a polydomain specimen are opposed, while in a single do-~ 


main crystal the sign of the "internal bias" is the same for the entire specimen. 
Under irradiation these biases do not form instantaneously but in the course of 


‘relaxation processes, probably diffusive processes, as a result of which the pro- 


ducts of radiolysis are located in the lattice at points with minimum energy. 
These points are apparently connected with the presence of spontaneous polariza- 


tion (and its direction) in the erystal. The corresponding phenomenon in ferro- 


magnetic materials is directed ordering, which is responsible for uniaxial magnet- 
ic anisotropy, the appearance of which serves to explain the Perminvar effect and 


magnetic aftereffects.° 
3. The above described experimental results are in good agreement with the 
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results obtained in studies of the effects of x-rays® and ultraviolet radiation? 
on tri-glycine sulfate crystals. 
We are grateful to I.S.Zheludev, M.A.Proskurnin and I.S.Rez for their inter- 


est in the work. 
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-v/em for 1 hour. The field variation sequence followed in all the mea 
is indicated by the figures 1 through 7 at the curve for T = 48.4°C. It will be 
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VARIATION OF THE 
FUNCTION ora TIC CONSTANT s3, OF TRI-GLYCINE SULFATE CRYSTALS AS A 
THE DC FIELD IN THE REGION OF THE CURIE POINT 


- I.M.Sil'vestrova 


It is known!,2 that both the electromechanical coupling coefficient for con- 
traction-elongation in length of Y cut bars of tri-glycine sulfate (with the length 
parallel to the crystallographic c axis) and the elastic constant s’33 in the same 
direction have the highest values as compared with the values of these parameters 
in all the other directions in the XZ plane. We felt it would be of interest to 
Diente cate eo of dc fields on the magnitude of s’3, in the vicinity of 


fp, ke 


-1200 - 800 - 400 0 400 o90 ~,-v/cm 


Fig.l. Variation of the resonance frequency of a tri-glycine sulfate bar as a 
function of the dec polarizing field at different temperatures below the Curie 
point. 


The measurements were carried out by the usual procedure of recording the 
resonance and antiresonance frequencies of the vibrating bar. The specimen dimen- 
‘sions were 48.73 x 3.5 x 1.5 m. Silver foil electrodes were applied to the faces 
normal to the Y axis. The results of measurements of variation of the resonance 


frequency as a function of the polarization reversing dc field at different tem- 
peratures below the Curie point are shown in Fig.1. In all cases prior to the be- 


ginning of measurements the specimen was held in a polarizing de field Ep = 1000 
surements 


seen that at the instant of polarization reversal the crystal becomes "softer", 
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i.e., s’, increases, while /, decreases; with 
increase of the temperature and approach to 
the Curie point the increment 


Ass oa 


= Sg (at Ep = Egwitching)— %s3 (at Ep = 1000 v/cm)} 


grows. For the investigated specimens Af, 
varied from 50 cps at 20° to 950 cps at 48°, 
while As’, varied from 0.36°10713 to 6.12-10-13 
cm2/dyne. 

The temperature dependence of s,, for the 
case when the dc polarizing field (1000 v/cm) 
was not cut off during the time of measurement 
is shown by curve 1 in Fig.2. It will be seen 


<Fig.2. Variation of s,, and As\,/s,,as a func- 
tion of temperature for the same specimen. 
Initial polarizing field Ep = 1000 v/cn. 


Fig.3. Variation of the resonance and anti- 

resonance frequency of the same specimen as 

a function of the de switching field at dif- 
ferent temperatures. J 
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‘Fig.4. Variation of the elastic constant s,, of the same specimen as a function of 
. the de field at different temperatures. 


that pe increases rather rapidly with rising temperature, attains a maximum value 
at 48° and then falls off abruptly at higher temperatures. We note that the peak 
temperature, 48°, lies below the Curie point for the given crystal, which at Ep = 
= 0 is 49.1° and for Ep, = 1000 v/cm is 50.3° (as determined from measurements of 
‘the dielectric constant). 

Curve 2 in Fig.2 shows the variation of As’,/s\, as a function of temperature: 
_As\,/s,, begins to rise at 35-369, increases rapidly in the 44 to 46° interval, at- 
taining a value of 6-7% at about 46°. 

It should, however, be noted that at temperatures above 48° there is evinced 
a strong and inverse dependence of Sa on the polarizing field. At temperatures 
close to 48° and in weak dc fields there is observed a high value of fp and, ac- 
cordingly, a low value of oa while in strong dc fields the crystal becomes "soft- 
er" and exhibits a low value of /, (and a high value of Sis) + This effect is ob- 
served only in the temperature region from 48 to 50.5°. However, reliable experi- 
ental results can be obtained only beginning with 48.5-48.8° (Fig.3). The 
changes of s’s33 as a function of the applied de field in this region are very large 
and attain 30%. For example, at a temperature of 48.8°, s’,,with E = 0 equals 72: 
210713 cm2/dyne, while with E = 1000 v/cm s,, equals 92-10-13 cm2/dyne (Fig.4). 
| In order to help this effect we recorded the variation of the antiresonance 
frequency jf,, of the vibrating bar as a function of the de field at the same tem- 
peratures. The resultant curves are shown in Fig.3. Using these data we calcu- 
lated the values of the electromechanical coupling coefficient K shown in Fig.5. 
It will be seen that the electromechanical coupling coefficient K increases with 
increase of the dc field. It is known that the magnitude of the effective piezo- 


electric coefficient be is proportional to K, i.e., that 
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Fig.5. Variation of the electromechanical coupling coefficient K of the same spe: 
cimens as a function of the de field at different temperatures. 


re E92 _” 1, 
dss = K (= sis ) , 


where ¢,. is the dielectric constant. 

Thus it may be inferred that the greater the applied dc field, the higher 
the degree of noncentral symmetry of the crystal. However, with rise of tempera: 
ture it becomes increasingly difficult to disturb the noncentral symmetrical 
structure which the crystal would have at the given temperature in the absence 
of an external influence (field). It will be evident from Figs.2 & 4 that in the 
almost central symmetrical state = already has a low value, i.e., about 70-1071: 

cm2/dyne. 

I desire to express my gratitude to I.V.Gavrilova for supplying the speci- 
mens and to L.A.Shuvalov for discussion of the results. 
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FERROELECTRIC PROPERTIES OF TRI-GLYCINE SULFATE SINGLE CRYSTALS 
IN THE 0.01 TO 50 cps FREQUENCY RANGE 
- V.M.Gurevich & I.S.Zheludev 


In an earlier report! we de- 
scribed the results of our investi- 
gation of tri-glycine sulfate (TGS) 
single crystals at infralow frequen- 
cies, mainly at 0.01 cps. The re- 
sults of the present study, which 
was carried out with improved equip- 
ment with photographic recording of 
the hysteresis loops, give reason 
to assert that the anomalies observ- 
ed earlier at 0.01 cps are also 
evinced in the frequency range from 
0.01 to 50 cps and hence are not 
peculiar to infralow frequencies. 

A diagram of the experimental 
set-up is shown in Fig.1. The pres- 
Fig.1. Diagram of the equipment for investi- ent equipment differs from that used 


gating hysteresis loops in the frequency earlier! by incorporation of a dc 
range from 0.01 to 100 cps: 1) crystal, 2) oscillograph with an external dc 
thermostat maintaining temperature to with- amplifier in the horizontal deflec- 
in +0.01°, 3) NGPK-2 audiofrequency oscil- tion channel. The present circuit 
lator, 4) variable voltage divider, 5) differs from those used earlier for 
standard capacitor, 6) EMU-3 voltmeter recording the quasistatic hysteresis 
(Rin > 1013 ohm), 7) ENO-1 de oscillograph loops of BaTi0g crystals” and 
(IA - internal de amplifier in vertical (Ba,Sr)Ti03 ceramic3, not only as 
channel - Rin = 520 kilohm), 8) external regards the frequency range avail- 
de amplifier. able (these frequencies have not 
been used hitherto for investigating 


ferroelectric hysteresis) but also 
in the use of a sinusoidal voltage 
instead of a step voltage, while re- 
taining a low input impedance of the 
oscillator (~1 kilohm) and the use 
of an oscillographic indicator in- 
stead of the usually employed elec- 
tronic recorders characterized by 
appreciable lag. 

Photographs of hysteresis loops 
obtained on the new set-up (Fig. 2) 
fully substantiate the inferences 
drawn in Ref.1 regarding the depend- 
ence of the coercive field E, in TGS 
crystals on the frequency f and ap- 
plied field E. The quantitative de- 
pendences are shown in Fig.3. It 


<Fig.2. Influence of frequency and 
field strength on the hysteresis 

loops of TGS at infralow frequencies 
(the indicated fields are crest values). 
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Fig.4. Variation of the hysteresis loss with 


field strength and temperature (the values of 
tan 5 were calculated from the hysteresis loops) : 
f = 0.05 cps, 


a) f = 0.05 cps, t = 27.4°: b) 1 = 
E = 300 v/em, t = 27.49, 2 - ¢ = 50 cps, E= 
= 300 v/em, t = 27.4°. 


<Fig.3. Variation of the coercive 
field E, with frequency, applied 
field and temperature: a) 1-E= 
= 100 v/em, 2 - E = 300 v/fem, 3 — 
E = 600 v/em; b) 1 - E = 100 v/cn,, 
2 - E = 300 v/em, 3 - E = 600 v/cm: 
c) 1 - f = 0.01 cps, 2 - f = 0.05 
cps, 3 - f = 0.1 cps; t= 27.49; dl 
f = 50 cps, t = 29.59; a& b) t= 

= 27.49, f = 0.01 cps. 


— 
= 


must be noted that a significant 
dependence of E, on E is also ob- 
served at frequencies of 10 and 50) 
cps, i.e., is not a feature peculi. 
ar only to the infralow frequency © 
range (0.01 to 0.1 cps) investigat« 
earlierl. Broadening of the hyste2 
sis loops leads to increase of the: 
hysteresis loss (Fig.4,a), but thi: 
loss is always lower than the loss! 
at 50 cps for the same field value: 
(Fig.4,b). 

In considering the observed 
effect one must note that a broader 
ing of the hysteresis loops with ix 
crease in the frequency and ampli-. 
tude of the applied electric field. 
would be observed if the oscillatoy 
had an input impedance comparable 
with the switching impedance R., ot 
the crystal in a field with the giv 
en frequency and amplitude. The 
switching impedance is given ay 
proximately by 

VeAt 
Ra AP,s? 


where V. is the coercive volt- 
age in volts, At is the switch- 
ing time (time for reversal of 
the polarization from + P, to 
—P, in sec, AP,=|+P,|] + 
+|—P,| in coul/cm?, and s is 
the area of the crystal in cm2,, 
Other conditions being equal, 
At~(1/fEc), i.e., R~(1/f) 
(the frequency dependence of E. 
in this case can be neglected 
inasmuch as it is insignificant 
Calculations showed that at a 
field strength of 100 v/cm Re 
of a TGS crystal at a frequency 


4,76 


Fig.5. Hysteresis loop including the virgin 
curve. 
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Fig.6. Temperature dependences 
of the dielectric constant € 
(1) measured at a frequency of 
106 cps and the polarization Pg, 
calculated from the hysteresis 
loops recorded at a frequency 
of 0.05 cps (2 & 3): 2 - our 
data, 3 - data of Konstantinova 
et al, 


6% 


by other authors (Fig.6). 


Next we turn to change in t 
frequency f and field strength E with E > Eg (E, is the saturation field). 
tion in the shape of the hysteresis loop with E < Eg 
explained in Ref.1; here one must only add that for equal E the values of the 
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of 0.01 cps is 4.3°10© ohm, at 
a frequency of 0.05 cps - 1.51- 
*106 ohm, and at_a frequency of 
0.1 cps - 8.5°10° ohm. All 
these values are much greater 
than the input impedance of the 
oscillator @103 ohm) so that 
the input impedance obviously 
could not affect the measurement 
results. 

In Ref.1 we explained the 
dependence of Eo on f and E by 
the "time of action of the field", - 
reducible to the variation of 
Ec as a function of dE/dt. Hys- 
teresis loops recorded for virgin 
specimens (i.e., specimens not 
subjected to an electric field) 
as a rule have the appearance 
shown in Fig.5. In this case 
the crystal is first brought from 
the twinned state to a single domain state and 
then from the single domain state of one sign goes 
over into the single domain of opposite sign. 

As will be evident from the figure, the pro- 
cess of polarization from the initial virgin state 
requires a stronger field than the process of po- 
larization reversal (switching). The ease or dif- 
ficulty of switching must, in turn, depend on the 
degree of monodomainization of the crystal: if 
after switching there still remain in the crystal 
nuclei of opposite sign, the switching must occur 
more easily, i.e., at lower fields, than if all 
nuclei are destroyed. Apparently, the greater the 
amplitude of the field, the higher the degree of 
monodomainization of the crystal attained and the 
more difficult the process of switching. This ef- 
fect is presumably the reason why increase of the 
field amplitude leads to a more noticeable increase 
of Ec than increase of the frequency. This will 
be evident in Fig.2. This interpretation is also 
supported by the "rocking" effect observed in the 
work of Ref.l. 

Determinations of the temperature dependence 
of P,, determined from the hysteresis loops re- 
corded at 0.05 cps and measurements of the tem- 
perature dependence of the dielectric constant € 
show that our TGS crystal did not differ in any 
significant way from the crystals investigated 


he shape of the hysteresis loop with variation in 


(Varia- 
was already considered and 
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polarization in the infralow frequency re— 
gion are always higher and the values of 
Ec always lower than at 50 cps.) As was 
noted above (Fig.2), with increase of f ani 
E the hysteresis loops broaden. Moreover,, 
with variation of f and E the rectangularil 
ty of the hysteresis loops changes (Fig.7)) 
Fig.7,a shows the variation in the shape oi 
the hysteresis loop as a function of the 
field strength in the range of infralow 
frequencies. The loop recorded at a lower: 
field value (2') is less rectangular than 
the loop recorded at a higher field streng;: 
(1'). This can be explained as follows: re 
duction of E leads to decrease of Eg, i.e. 
polarization switching occurs in this case: 
at a lower field value and, consequently, 
Fig.7. Influence of field strength over a longer time*. Fig.7,b shows the vai 
(a) and frequency (b) on the shape tion in the shape of the hysteresis loops 


of the hysteresis loops; AE = E, - as a function of the frequency at the same: 
- Eg: a) Ey! > Eor: 1 - f = 0.1 cps, field value. Here above a frequency of 0.2 
2- f = 0.01 cps, t = 38°; b) for cps the rectangularity of the loop begins 1 
frequencies from 0.01 to 10 cps E = deteriorate owing to growth of AE. The res 


= 600 v/em; for 50 cps E = 665 v/em: son for this is still unclear. Thus optimu 

1 - infralow frequency, 2 - 50 cps, rectangularity of the hysteresis loop of ti 

t = 38°, investigated TGS crystal is observed at a 
frequency of about 0.1 cps. 

Turning back to Fig.5 we note that the illustrated "maturation" of the crys- 
tal is completed in one cycle apparently only at not excessively high frequencies; 
(hundredths or tenths of a cycle per second). At 50 cps such "maturation" does 
not occur at all in some sections of the crystal.9° From the hysteresis loop re- 
corded at infralow frequency with registration of the virgin curve (Figs.2 & 5), 
one can determine the unipolarity of the crystal with an accuracy to within 1% on 
possibly better. 

We desire to express our gratitude to I.V.Gavrilova and M.F.Koldobskaya for 
furnishing the crystal specimens and to I.S.Rez for his interest in the work and 
discussion of the results. 


Institute of Crystallography, 
Academy of Sciences of the USSR 
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EFFECT OF ULTRASOUND ON SOME PHYSICAL PROPERTIES OF ROCHELLE SALT CRYSTALS 
- T.Kh.Chormonov 


| Some physical properties of Rochelle salt crystals and m = 
‘ric materials may be significantly altered ie parts Pee inoue car ca sceebe se 
ernal factors. The influence of such a relatively strong factor as ultrasonic 
ribrations may be even more pronounced. Under the influence of ultrasonic vibra- 
sions, as a result of complex physical-mechanical processes, the surface of the 
srystal is hardened to an appreciable degree. However, the nature of such harden- 
ing has yet scarcely been studied. 

The purpose of the present work was to determine the influence of ultrasound 
yn some of the physical properties of Rochelle salt crystals. 


Growth of Rochelle Salt Crystals Under the Influence of Ultrasound 


The Rochelle salt crystals were grown in individual thermostatically control- 
led crystallizers by the planetary technique. The temperature was maintained at 
the desired level within +0.05°. By way of crystallizers we used chemically pure 
Pyrex crystallization pans equiped with a special stirrer. In the process of crys- 
tal growth the crystallization medium was sealed off from the atmosphere. 

The ultrasonic vibrations were produced by a magnetostrictive transducer with 
a frequency of 21.5 ke and a specific power of 2 watt/cm2. The crystallizer was 
located almost on the surface of the vibrator. 

: The process of crystallization of the Rochelle salt crystals was controlled 
by varying the intensity of the ultrasonic vibrations acting on the growing crys- 
tal. Ultrasound tends to enhance the mobility of the ions. With increase in the 
intensity of the ultrasound, however, the homogeneity of the crystals deteriorates. 
For growing homogeneous crystals one must have a grow low rate of crystallization 
and a very low level of ultrasonic vibration. 


Microhardness of Sonicized Rochelle Salt Crystals 


j The microhardness of the Rochelle salt crystals was determined by means of 
re PMT-3 tester using loads from 20 to 200 g. Five indentations were made in each 
"sonicized"” crystal, the hardness computed for each and the result averaged. The 
results obtained indicate that the mechanical properties of sonicized crystals of 
Rochelle salt differ substantially from the properties of ordinary crystals. Thus 
onicized crystals have an average microhardness of the order of 77 kg/mm? , while 
‘the microhardness of ordinary crystals is 58 kg/mm2. 

Under the influence of ultrasound the structure of Rochelle salt crystals 
becomes finer grained and the crystals are strengthened and hardened. The degree 
of hardening depends on the intensity and duration of application of the ultra- 


sonic vibrations. 


fluence of Ultrasound on the Dielectric Constant and Loss 


In 
Tangent of Rochelle Salt Crystals 
t tan 5 of the sonicized Rochelle 


The dielectric constant € and loss tangen 
IM electrometer and a KV-1 type Q- 


salt crystals were measured by means of an SG- 
meter. 
i. We investigated the temperature dependence of the dielectric constant of 
Rochelle salt crystals treated with ultrasonic vibrations during growth. The 
results are given by curve 1 in Fig.l; for comparison we give the corresponding 
dependence for ordinary Rochelle salt (curve 2). It will be evident that the 
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dielectric constant of sonicized 
crystals differs from the dielec- 
tric constant of ordinary Rochelle: 
salt at all temperatures. : 
We also determined the temper? 
ture dependence of the dielectric 
loss in X cut specimens of soniciza 
Rochelle salt crystals; the results 
are shown in Fig.2 (curve 1) where: 
we also give the dependence for 
ordinary Rochelle salt. It will be 
evident that as a result of the 
ultrasonic treatment the dielectric 
Fig.l. Temperature dependence of the dielec- loss is substantially reduced. Ap- 
tric constant of Rochelle salt crystals: 1) parently, under the influence of 
sonicized, 2) ordinary. ultrasound the domain structure of 
f the crystals becomes finer, which 
tan 6-19" leads to decrease of their dielec- 
tric constant and loss tangent. 


Influence of Ultrasound on the 


Diffusion Width and Intensity 
of X-ray Interference Lines 


Investigation of the diffusion: 
width and weakening in intensity offi 
~40 ~10 0 10 20 we the x-ray interference lines of Ro- 
Fig.2. Temperature dependence of tan 8 of chelle salt crystals was carried 
Rochelle salt crystals: 1) sonicized, 2) out by the method of back recording: 

ordinary. using a BSV-4 x-ray tube with a Cu 
anode. In our experiments we 
used a camera with a new speci-- 
ally designed cassette by means: 
of which one can obtain six x- 
ray diffraction patterns with 
symmetrically arranged inter- 
ference lines on one semicylin-. 
drical film without reloading 
the cassette. We note that thi: 
improved cassette gives better 
results than the usual cassette: 
supplied with the KROS-1 camera. 

The results of studies of 
the widths and weakening in in-. 


tensity of the x-ray interfer- 
Fig.3. Change in the intensity and width of the ence lines of sonicized and ordi 


x-ray diffraction lines for Rochelle salt crys- ary crystals of Rochelle salt 

tals under the influence of ultrasound. Solid are shown in Fig.3. It will be 

lines - ordinary crystal; dashed lines - soni- evident that treatment with 
cized crystal. ultrasound leads to a finer 


structure of the crystal, which 
gives rise to an appreciable increase in the diffusion width of the interference 
lines with large glancing angles. 
The intensity of the interference lines with large glancing angles for soni- 
cized specimens is weakened as compared with the intensity of the corresponding 
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lines for ordinary Rochelle salt crystals. 
be explained by reduction in the size of the 
ultrasonic vibration. 


This weakening in intensity can also 
domains in crystals subjected to 


Kazakh Polytechnic Institute 


ELECTROLUMINESCENCE OF BARIUM TITANATE AT AUDIO FREQUENCIES 
—_ E.V.Stauer 


In 1956 Harman? reported observing weak yellowish luminescence from barium 
Single crystals under the influence of a radio frequency field. Subsequently, 
electroluminescence resulting from high frequency excitation was observed in 
BaTi03 ceramic as well as in SrTi03, Ti0g, KNb03, CaTi0, and PbZr0,.2-4 

Investigation of the correlation between the behavior of the luminescence 
of such materials and their ferroelectric properties may be of help in under- 
standing the nature of these materials and in particular the structure of their 
surface layers.° 

In present work we found that when an electric field of audio frequency is 
applied to a ceramic barium titanate specimen, beginning with a certain threshold 
value of the field it begins to emit yellowish or rosy light that can be seen in 

the dark. The emission is observed for specimens with electrodes of silver, aqua- 
‘dag, graphite and transparent Sn0,. Specimens containing minor amounts of Fe, Ni, 
Nb, Zr and Pb impurities yield a less bright electroluminescence. 

With increase in temperature the intensity of the luminescence attains a 
maximum near the Curie point. During cooling the luminescence maximum is shifted 
to the side of lower temperatures, an effect that is analogous to the shifts ob- 
cere ot for the maxima of the dielectric constant® and x-irradiation induced photo- 
emf’, 

if With increase of the frequency from 20 cps to 20 ke the luminescence intensi- 
ty increases; it is difficult, however, to determine the character of this increase 
owing to rapid heating of the specimens at elevated frequencies. 

In the case of some specimens, particularly at higher temperatures, one can 
detect electroluminescence under the influence of a de field by means of a photo- 
multiplier. The applied voltage, however, must be at least one order of magnitude 
higher than the threshold ac voltage producing electroluminescence. 

The increase of the intensity of electroluminescence of barium titanate with 

increase of the applied field is characterized by the empirical formula 


L= Ay, 


‘where A and } are constants for any given frequency and temperature (} varies be- 

or 3 and 4). ey, 

: Upon application of a biasing dc field to a specimen under ac excitation, 

| the brightness of the emission decreases; this is analogous to the peice of the 
dielectric constant under the same conditions observed by Sinyakov et al Lia 
‘increase of the biasing field up to a certain value the luminescence brightness 
decreases and then tends to level off (Fig.1). 

3 The luminescence intensity decreases when the specimen is subjected to com- 
‘pression in the direction of the electric field. When the pressure is removed 

there is observed a burst of light after which the luminescence returns to the 

initial level. The dielectric constant exhibits a similar behavior under compres- 


7 sion. 


hI 
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Fig.1. Variation in the in- 

tensity of the electrolumi- 

nescence of barium titanate 

with the biasing dc field 

(alternating voltage 350 v, 
f = 2 kc). 


Fig.2. Electroluminescence 
of barium titanate specimen. 
Magnification 4X. 
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The electroluminescence intensity of specimens | 
depends on their previous history. The emission 
does not remain constant in time. The brightest 
luminescence is observed at the instant of applica- 
tion of the field; thereafter it falls off at first: 
rapidly and then more slowly. Under a microscope 
one can see that the emission is brightest in the 
surface layer in the immediate proximity of the 
electrode and decreases in intensity into the depth. 
of the specimen (Fig.2). 

Oscillographic observations show that under 
excitation by a sinusoidal voltage there appear 
luminescence peaks during each half cycle, and that 
the peak luminescence occurs somewhat in advance 
of the crest field (Fig.3,a). With excitation of 
the barium titanate specimen by a trapezoidal volt-. 
age the luminescence is emitted only during the 
intervals of rise and fall of the field (Fig.3,b). 
If the photomultiplier is set up to receive light 
from the region of only one electrode, it becomes 
apparent that the electroluminescence peak at each 
electrode appears only during the interval when a 
positive voltage is applied to the given electrode 
(Fig.3,c). At very high voltages, however, there 
may also be observed a weak electroluminescence peak! 
during the negative half-cycle. 

The mechanism responsible for the electrolumi- 
nescence of barium titanate is not yet fully under- 
stood. However, by analogy with what is known for 
more thoroughly studiedlO ZnS one can advance the 
following tentative explanation. 

Upon application of a negative voltage to the 
electrode fixed to the specimen, under the influence 
of the high electric field induced in the surface 
layerll,12, there occurs either field emission from 


the cathode or release of electrons from shallow traps. The released electrons, 
accelerated in the field, produce electron-hole pairs by impact ionization. This 


Fig.3. Brightness waves: fluctuation of the electroluminescence of barium titanate 
a - sinusoidal voltage, f = 20 kc; b & c — trapezoidal voltage pulses, f = 2 ke; 
? 


he regions of both electrodes, c enis 
- sion observed 
only from the region of one electrode (positive half cycle below). 


b = emission observed from t 
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process continues until the field attains its maximum value. Then, when a posi- 
tive voltage is applied to the electrode, the electrons, earlier displaced into 
the low field region, return to the holes and recombining with them, possibly 
through impurity levels, produce the observed luminescence in the surface layer 
adjacent to the electrode. 

Correlation between the electroluminescence and ferroelectric properties of 
barium titanate is evinced primarily in that with variation of the dielectric 
constant under the influence of various external factors (temperature, pressure, 
biasing field, etc.) there occurs a change of the current flowing through the 
specimen and consequently a change in the intensity of the emitted luminescence. 
Thus the electroluminescence is correlated with the ferroelectric properties of 
the materials. 

I desire to express my gratitude to F.I.Kolomoitsev for guidance in the 
work, and to E.A.Stafiichuk for providing the specimens. 


Dnepropetrovsk State University 
References 


1. G.G.Harman, Bull.Am.Phys.Soc., 1, 112 (1956). 

2. G.G.Harman & R.L.Raybold, Phys.Rev., 104, 1498 (1956). 

3. G.G.Harman, Rev.Sci.Inst., 28, 127 (1957). 

4, G.G.Harman, Phys.Rev., 111, 27 (1958). 

5, Nat.Bur.Stand.Techn.News Bull., 42, 206 (1958). 

6. E.V.Sinyakov & A.S.Nikonenko, Nauchn. zap. (Scientific notes) , Dnepro- 
petrovsk State University, 45, 29 (1956). 

7, F.F.Kodzhesiprov, Thesis, Dnepropetrovsk State University, 1958. 

8. E.V.Sinyakov, E.A.Stafiichuk & L.S.Sinegubova, Zhur.eksp.i teor.fiz., 21, 


P1396 (1951). 


9. I.A.Izhak, Thesis, Dnepropetrovsk State University, 1956. 
10. D.R.Frankl, Phys.Rev., 111, 1540 (1958). 
11. W.Kanzig, Phys.Rev., 98, 549 (1955). 
12. A.G.Chynoweth, Phys.Rev., 102, 705 (1956). 


- 1350 - 


DIELECTRIC CONSTANTS OF PIEZOCERAMIC ELEMENTS OF BARIUM TITANATE 
- §.V.Bogdanov 


1. The dielectric constant of polarized barium titanate specimens (piezoelec- 
tric transducers and the like) should differ from the dielectric constant of the 
unpolarized ceramic. This difference may be due to a) the piezoelectric reaction 
and/or b) orientation of the domains incident to polarization. 

Let us consider these effects separately. 

Piezoelectric reaction. Every piezoelectric element is essentially an electra 
mechanical transducer, i.e., is characterized by a certain relationship between 
its electric and mechanical parameters. This relationship can be described by 
the following equations!: 

Dy = @mnLim — 45dn gt Skt; 


Big = Sijn18;1 — Imig ms () 
where the D, and EL, are the components of the electric induction and electric 
field, o,, and &; are the components of the mechanical stress and strain, SH are 
the components of the compliance coefficient with E= 0, « are the components 
of the dielectric constant in the absence of mechanical stress, and dm, are the 
components of the piezoelectric coefficient. 

It follows from Eq.(1) that the dielectric constant «° of a "free" crystal 
must be larger than the dielectric constant ee of a "compressed" crystal. In 


mn 


particular for BaTi03 one can obtain the following relationships: 


2 2 E 
nee in| a 2d, Ad golly “835 (2) 
33 33 E rege bie nA ace 
°33 Si, T Sy2 533 (811 + S12) 
a2. 
Geel OE ee 1 
er 8, = a ap (3) 
44 


Inasmuch as unpolarized ceramic does not have an integral piezoelectric ef- 
fect, it is natural to assume that its dielectric constant must approach the con- 
stant e of polarized ceramic measured at the same frequency. Thus it may be as- 
sumed that e°>e,, and ©°~&., where e&; is the dielectric constant of the unpolar- 
ized a measured at frequencies /, and /, corresponding to the values of &° 
and é5. 

Orientation effect. Inasmuch as the dielectric constants ¢«* and «* of a 
single domain single crystal are not equal to each other (8%, > et), ordering of 
the domain structure owing to polarization should result in a change of the per- 
mittivity of the entire specimen?. Thus » whereas prior to polarization 


4 * * 
€y = —z (28), + 855), 
after polarization 


4 
G11 = &92 = |-[(4 + cos 8 + cos? Bet, + (2 — cos — cos? Der], 
(4) 


4 
&s3 = -5- [(2 — cos 8 — cos? 9) e+ (1 + cos @ + cos? 9) €.4] 


(@ is the maximum angle between the direction of the polarizing field and the di- 
rection of the residual polarization of individual domains). 
As will be evident from Eq. (4), for @ < 90° we will have « : 
for @ = 90° will e55 = 2, = e. casein | 
The change in permittivity produced by orderin : 
g of the domain structure will 
be superposed on the change due to the piezoelectric reaction. The purpose of 
the present work was to evaluate the relative contributions of these processes 


oo 


Table 1 
ek 
1 
Spe cimen Pd ee d —> (dso+dsi), 
lot 33 33 |%33, cgse 2 
at 50 cps | at 11 Mc aes cgse units 
1 | 1660 1460 | 1770 | 1290 | 5,4:140-§ | —1,9-10-8 
iI 1510 1330 1640 | 1200 | 5,2-40-@ | —1,9-10-8 


 * compare the theoretical values of (2) and (3) with those given by experi- 
ment. 

2. Our measurements were carried out on two lots of BaTi0g specimens differ- 
ing somewhat as regards conditions of preparation; each lot consisted of 30 speci- 
mens, which were in the form of cubes 10 mm on edge. The values of the dielectric 
constant before and after polarization were measured at 50 cps and 11 Mc, ice., 
at frequencies lying substantially below and above the resonance frequency, which 
for our specimens was about 250 kc. Thus it may be assumed that the dielectric 
constant of polarized specimens measured at 50 cps is «&° while the constant 
measured at 11 Mc is é. We also measured the piezoelectric coefficients d;; and 
d,, of the polarized specimens. The measurements of both the piezoelectric coef- 
ficients and the dielectric constants were carried out 10 to 15 days after polar- 
ization, i.e., when it could be assumed that the piezoelectric properties of the 
Specimens had become stabilized. The results of these measurements are shown in 
Table 1 (averaged values for each lot of specimens). 

Analysis of the tabulated data shows the following: 

1. The dielectric constant of unpolarized ceramic depends on the frequency: 
it decreases with increasing frequency. 

2. As might be expected, the dielectric constant «, of a free crystals is 
larger than €j1. 

3. The dielectric constant ee of a compressed crystal is smaller than &j). 

As noted above, the piezoelectric reaction could lead only to increase of &, 
over &,,, so that e, should remain approximately equal to &,,. Hence decrease of 
s, compared to &, Can naturally be attributed to the orientation effect. 

It follows from Eq.(4) that if the decrease of «5, as compared with €,. is ac- 
tually due to the orientation effect, there must be observed an increase of 
compared with ¢,, and E.. From Eq. (4) one can also evaluate the expected differ- 


ence, namely, 


(sy 


ga ef. = 1.5 (E,5 —e), (5) 


11 33 


Thus for our specimens one could expect ee. to be ~225, i.e., ee, to be some 
18% greater than e:.. 

To check this we removed the original electrodes from the No.3 faces of all 
the specimens of lots 1 and 2 and applied new electrodes by vacuum sputtering on- 


‘to faces No.1 of 25 specimens of each batch and anew on faces No.3 on 5 specimens 
(for the purpose of checking the quality of 


Table 2 the electrodes). Then we again measured the 
dielectric constant of these specimens at 50 
i 
Control cps and 11 Mc. The results of these measure- 
Mecimen «€ sie | ee : £ ments (averaged value for each lot) are com- 
Pict = Z 3 7 38 33 pared with the preceding measurements in 


Table 2. 
41770 | 1710 | 1290 | 4270 | 1730 | 1290 As will be evident from Table 2, the 
1640 | 1560 | 1200 | 4470 | 1620 | 1240 dielectric constant e. proved to approxi- 
mately equal to ¢;, At the same time from 
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the values obtained for the control specimens it will be apparent that the ap- 
plication of new electrodes has virtually no effect on their properties. Thus 


the observed decrease of ae relative to & » cannot be explained by the orientation: 


effect. 
To explain the phenomenon we suggest that the domains in the unpolarized 


ceramic cannot be regarded as completely piezoelectrically compressed, whereas 
in polarized specimens, which vibrate as a whole, the effect of piezoelectric com: 
pression is manifested more fully. 

If, however, we take this view, there arises the question of how to explain 
the decrease of & of unpolarized ceramics with increase of the frequency: Is 
this a consequence only of the piezoelectric reaction or a result of dielectric 
relaxation? In our opinion one can decide between these mechanisms on the basis 
of the magnitude of the difference (eo, —&,). If the decrease of the dielectric 
constant of unpolarized ceramic with increasing frequency is due to the piezoelec: 
tric effect, this decrease must enter wholly into the observed difference (1, - 
—&, exp» Which in this case should approach the expected theoretical difference 
given by Eq.(2). If, on the other hand, the decrease of ¢é, is due to dielectric 
relaxation, then for evaluation of the piezoelectric reaction from the total dif-- 
ference (e°,— &, Joxp one must subtract the change (¢,;—&mm) not due to the piezo- 
electric factor. For evaluating (&,—€&:,):,., and (eo, — £5, )iheg we used the mea- 
sured values of the piezoelectric coefficients d,,,and d,,, the empirical relation 
di, =~ ds, —d3, and the values of sk for barium titanate ceramic given by Berlin- 
court & Jaffe’. The results of our calculations are summarized in Table 3. It 
must be borne in mind that the calculated value of (é,—&,),,, is not as accurate: 
as might be desired owing to the uncertainties in the measurements of d,; and soe 


Table 3 
Q | : f fe) % | 
oO 
on 
Head at) 53 a oe 5 ae 
Sees mB oe oe oa! ie niet a gee 
fo) i; i 1 2 1 os | w= 
0 8 ce - of +s on 3 a oz Ne om 
I | 290 480 280 287 440 240 
II 270 440 260 268 390 210 


As will be evident from Table 3, the calculated values of (&,—&:,)tno. are in: 
good agreement with [(e2, — 885 exp — (841 — &y9)I; which indicates that the decrease of 
&, With increase of frequency occurs primarily due to dielectric relaxation. In 
further support of this inference one can adduce the following argument: inasmuch: 
as the linear dimensions of the individual domains in the ceramic specimen do not: 
exceed 1073 cm, for them the effect of piezoelectric compression should be ob- 
served only at frequencies substantially exceeding 108 cps. 

3. The following conclusions may be drawn on the basis of the cited data: 
es 6 the seh A domains comprising the microcrystals in unpolarized barium 

anate ceramics canno 
Sees anaes on Eton regarded as fully piezoelectrically compressed (at 

b) the decrease of the dielectric constant of unpolarized ceramic with in- 

creasing frequency is a result of dielectric relaxation. 


"P,M.Lebedev" Physical Institute 
Academy of Sciences of the USSR | 
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DIELECTRIC PROPERTIES OF POLARIZED CERAMICS IN STRONG ALTERNATING ELECTRIC FIELDS 
- V.I.Zaitseva, R.E.Pasynkov, V.1I.Pozern & A.M.El'gard 


} 
Se 


A number of uses of piezoelectric ceramics require a knowledge of the dielec- 
tric properties of these materials in strong electric fields in the audio and 
ultrasonic frequency range. Yet these properties have not been studied sufficient- 
ly, and considerable difficulties are encountered when experiments are performed 
in strong fields owing to dielectric-loss: heating of the sample. Baerwald & Ber- 
lincourt! give only data relating to the dielectric loss in the polarized BaTi0g 
ceramic in fields to 4 kv/em at a frequency of 1 kc. We know of no published data 
on the variation of the dielectric constant of polarized ceramic with the field 
strength. This paper presents some results of a study of the field dependence of 
‘the dielectric constant and the loss tangent of polarized ceramic. 


Theory 


Let us consider the behavior of a single-domain single crystal of BaTi03 in 
strong alternating fields. The deduced qualitative relations, as shall become 
plain in what follows, can be applied with some degree of approximation to polar- 
ized ceramics. 

Following Kholodenko“%, who analyzed the phenomenon of hysteresis in a single 
domain crystal, we begin by expanding the thermodynamic potential © of the system 
in a series in powers of the polarization components P,; to sixth order terms. We 
‘then make use of the numerical values of the expansion coefficients 1, 7%1,B, and 
YY. and their temperature dependence in accordance with Meyerhofer3, who assumed 
that BaTi0g undergoes a first order transition at the Curie point. In solving 
the equations of state 
¥ a@ 

v PAT E, (1) 

“(the E; are components of the electric field) and in determining the regions where 
the stability condition 
a (2) 


unt the components of induced polarization Pi; up to Da 
Still following Kholodenko, we introduce, for 
the dimensionless parameters 


holds, we take into acco 
for Eq.(1) and to Pt, for Eq. (2). 
the convenience of qualitative evaluation, 
iat 
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The dimensionless induced polarization Py. for the region of tetragonal symmetry 


is sought in the form of a series: 
5 
AG =) SOR (3) 


u=0 
where the coefficients a, are expressed in terms of the dimensionless spontaneous: 


polarization p,, and the coefficients «a, B, and 7,; that is, they are functions 
of the temperature. Setting ee ,sinwt and inserting this into (3), we obtain 


5 
Puz(t) = >) pr, (@,¢) sin (not — @_), (4) 


n=1 
where Py), is the amplitude of the n-th harmonic. 
From Eq. (4) one can find both the total dielectric constant ¢ and that part 


of it which is associated with measurement of a particular current harmonic: 


a hse Hie 
Zz en = 4n =: 


z Zs 


S7rtot. aoa 


The most interesting of these is el, the dielectric constant determined from! 
the first harmonic of the current; this quantity is measured by means of the most: 
accurate resonance and bridge techniques and has practical significance in the 
design of circuits using capacitors of ferroelectric ceramics, intended for opera: 


tion in strong fields. 
t 


Fig.l. Theoretical e, dependences of e1 (a) and Py, (b) for a single-domain single 


E 


c 


E 
crystal (T = 20°). Ina —*=1 for e,=0.5. | 
| 


The theoretical curve characterizing the relative change in ©! as a function 
of the electric field eé, is given in Fig.l1,a. The increase of ¢1 with é€z can be 
understood in view of the following. The hysteresis loop obtained from Eq. (1) is 
shown in Fig.1,b. Under the influence of an alternating field the induced polar- 
ization will change, as shown in the figure, namely: the polarization rises only 
slightly as the field increases in amplitude during the positive half-cycle, wher 
as during the negative half-cycle the growth is sharper. Such field dependence oF 
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the induced polarization leads to nonlinear growth of the first harmonic of the 
polarization and, consequently, to nonlinear increase of the dielectric constant 
calculated from the first harmonic of the current. In view of the fact that the 
shapes of the hysteresis loops of a single domain crystal and of polarized ceramic 
are qualitatively similar, one can apply to the latter the reasoning presented 
above, and, consequently, expect a qualitative agreement of the theoretical curve 
(Fig.1,a) with the experimental data for polarized ceramics. 

The analysis presented here is valid for values of H, that do not exceed the 
magnitude of the coercive field. If, however, one hypothesizes the existence of 
a region with EL, > E,, i.e., field values for which irreversible depolarization of 
the specimen does not occur, then from an analysis of Fig.1,b one can deduce the 
appearance of a maximum in the e! = f (ez) curve (see Ref.4 regarding the possible 
existence of such high fields). 

It should be noted that theoretical interpretation of the variation of the 
dielectric loss with field strength is considerably more complicated and will not 
be attempted here. 


Experimental Procedure and Results 


The variations of the di- 
electric constant « and the 
loss tangent tan 5 were deter- 
mined by the resonance tech- 
nique using both parallel and 
series circuits. The experi- 
mental set-up is diagramed in 
Fig.2. The measuring circuit 
was tuned to resonance by means 
of the variometer Lx. Reson- 
Fig.2. Experimental arrangement for measuring the ance was indicated by minimum 

dielectric constant and loss tangent. current in the circuit loop, 
as shown by the voltmeter or 
escilloscope Vg, connected through the filter F across the shunt Rsh. The filter 
was tuned to the frequency of the first harmonic of the current, so that the mea- 
sured quantities corresponded to this harmonic. The dielectric constant and the 
loss tangent were calculated from the capacitance and the equivalent loss resist- 
ance of the specimen, determined, respectively, from the condition for resonance 
and from the ratio of the voltage to the current in the circuit at resonance. 

To avoid heating of the specimen as a result of dielectric losses the measure- 
ments in strong fields were carried out under pulsed operation with a small duty 
cycle. The tests showed that with a pulse duration of 10 to 20 millisec and an 
interval of 1 to 5 sec between pulses the specimens did not heat up to any notice- 
‘able degree. The pulses of desired amplitude and frequency were supplied by a 
pulse generator - PG in Fig.2. ; 

The voltage and current were measured at 10 ke by means of an ENO-1 oscillo- 
scope, which also served for observation of the shape of the current and voltage 
pulses. The temperature of the specimen (the measurements were performed at room 
temperature) was checked by a thermocouple. The error in the measurement of capa- 
citance and loss tangent did not exceed +5% and +20%, respectively. Three speci- 
mens were prepared of each batch of ceramic: the specimen thickness was 1.55 mm. 
‘The obtained results for each series of three specimens were averaged (the scat- 
ter did not exceed the estimated experimental error). 

The specimens were polarized by the following procedure. The specimens, 
preheated to their Curie temperature, were held in a de field of 0.8 kv/mm for an 
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Ems» Kv/em 
Fig.3. Variation of the dielectric constant 
(a) and the loss tangent tan 8 (b) with 
electric field strength for polarized cer- 
amics of different compositions: 1) BaTi03 
(the dashed curve is for unpolarized ceran- 
ic); 2) 94% BaTi0g + 6% CaTi03, 3) 95% 
BaTi0g + 5% CaTi0g + 0.75% CoC03. 


hour at the maximum temperature, 
then gradually cooled in the same 
field to room temperature. The 
dielectric measurements were per- 
formed three days after polariza- 
tion. 

The field dependences of 6&1, 
and tan 8 were measured for samples. 
of three compositions: BaTi0., 94% 
BaTi0g + 6% CaTi03, and 95% BaTi0g + 
+ 5% CaTi0g + 0.75% CoC03. 

As will be evident from Fig.3, 
el grows with increasing field 
strength; furthermore, in a certain. 
field interval characteristic for 
each composition, there occurs a 
sharper rise of the constant. Cor-) 
respondingly, in that same field 
interval, there also occurs a rapid 
growth of tan & (tan & rises to a 
maximum in BaTi03). This acceler- 
ated growth occurs, as might be ex- 
pected, when the crest value of the 
applied field approaches the value 
of the static coercive field for 
the ceramic. The values of the 
static coercive field for the ceran- 
ic specimens under consideration 
are 4.5 kv/em for BaTi0g, 7.0 kv/cm. 
for 94% BaTiO, + 6% CaTi0g and 8.5 
kv/em for 95% BaTi03 + 5% CaTi03 + 
+ 0.75% CoC03,556 

In addition to polarized speci- 
mens of BaTi03, we tested unpolarize 
samples. Fig.3 shows that as the 
field increases, e1, and tan 6 of 
the unpolarized ceramic are at first 
greater than for the polarized cer- 
amic; but later, in fields nearing 
the magnitude of the static coercive 
field, ©}, and tan 8 of the polarized 
ceramic begin to increase more rapic 
ly, so that in strong fields they 
reach higher values. The same regu- 
larity obtains for the other two 
compositions. ) 

The noted difference in behavi- 
or can be explained if we recall | 
that in weak fields, the polarized — 
ceramic, being characterized by a 
higher elastivity, exhibits a lower 
dielectric constant and a smaller 
loss tangent. On the other hand, 
in strong fields, close to the 
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magnitude of the static coercive field, the reaction of the domains in the polar- 
zed ceramic is enhanced to a greater degree with the result that e!, and tan § in- 
crease. It should be noted that in strong alternating fields with a crest value 
close to the static coercive field, the possible reorientation of domains is re- 
versible so that the initial residual polarization is practically fully restored 
upon removal of the voltage. Studies of the depolarization of BaTi03 specimens 
performed by measuring the piezoelectric coefficients in strong alternating fields?, 
as well as in a weak field after the action of a strong field, showed that at room 
temperature the polarization persists up to fields equal in value to, or even 
slightly greater than, the static coercive field. 

It should be noted that the field dependences of the dielectric constant of 
“polarized ceramics obtained for the field range, where irreversible reorientation 


of domains (depolarization) does not occur, are in qualitative agreement with the 
above deductions from theory. 
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PIEZOELECTRIC PROPERTIES OF POLARIZED CERAMICS IN STRONG ALTERNATING FIELDS 
- G.A.Velyukhanova, R.E.Pasynkov, V.I.Pozern & A.M.El'ga: 


Theory 


In determining the theoretical variation of the piezoelectric coefficients 
dsg and ds, as a function of the field E, applied in the direction of the ferroelect 
tric axis, we begin with the same assumptions as in our derivation! (see precedin: 
article) of the field dependence of the dielectric constant €&zz. 

Using the familiar expression for the thermodynamic potential @ of a single-- 
domain crystal wherein the elastic energy and that part of it due to electric 
fields are taken into account2;3, we obtain the equations of state for the regions 


of tetragonal symmetry: 


, oO (la) 
a 
ao A 
Us33 eas 0638 — V33Pz ? (1b) 
aD : 
Dif ae Some Dowel Voi P25 (1c) 


where the 6;, and u;, are components of the stress and strain tensors, respective: 
ly, P, is the component of polarization in the direction of the ferroelectric 
axis, and vss and vs; are electrostriction coefficients?»3. 

Equation (la) was solved by Kholodenko* in the form P,=/(E,) and in Ref.1 
as P,,—/(E,) for the case of induced polarization. Separating that part of the 
strain u,,, which arises upon application of an electric field, we obtain: 


Uus3 = Ves (2Pu2P a: = Pay: (2a) 
Yuri = Vai (2PozPuz + Piz). (2b) 


At this point, as in Refs.1 and 4, it is convenient to introduce the dimensionles: 
variables puz, Po, and e,; then, invoking the theoretical e. dependence of p,,, de- 
duced in Ref.1, inserting it into Eqs.(2a) and (2b), and discarding terms in e 
and higher, we obtain the set (2) in the form 
5 
Unik = Vik >) Onez- (2") 
n=0 


Setting ec, =esinwt, we express (2') in the form of an expansion in harmonics: 


5 
Unix (t) = Vix S} Cn (€? bn) Sin (n@t + qn), (3) 
n=0 
where the c, are known functions of the thermodynamic potential expansion coeffi-: 
cients and powers of the field e,. . 
Of greatest interest, in our opinion, is study of the first harmonic in the 
expression for Uyi,, since it is this quantity which determines the efficiency of | 


a piezoelectric transducer at the frequency of mechanical resonance. In addition! 
this quantity lends itself to comparison with experimental data. For the first 
harmonic u‘) we have 


Ww) (£) = Vggc, Sin wt; | 


ul) (t) = V9,¢, sin wt. 
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(1) (1) 
<Fig.1. Calculated field dependence of — 
330 310 


20°. The ordin- 


the interval from 0 to 2) for T= 
ate scale equals l. 


The piezoelectric coefficients determined for the first 
harmonic are described by the formulas 


(1) __ Vase (1) Va1e 
dy =e and dey = (4) 
The field dependence of dj) was calculated for two 
qh) Gh) 
values of temperature in relative units: _3 — = =f (e,), where d;,, and ds, are the 
330 310 


piezoelectric coefficients measured in very weak fields (Fig.1). The dependence 
obtained can be explained on the basis of the following considerations. If we 
limit ourselves to fields at which P,- is still small compared to P,, (in practice 


it suffices to take Pa Pe , then in Eqs. (2a) and (2b) we can, with no sacri- 


fice in accuracy, neglect the second terms on the right and rewrite these equations 
as 


Uu33 = 2V33P oP u (E,); 
tui = 2V31P 2P uz (E,). (5) 


It can be seen that wui,(£.) is determined by the field dependence of Pu, and 
hence 


76s por £y AE dB 
1) 
dss (Ez) = ee ev (Ez) and dy (Ez) = ae ~ ef (Ez). 


Consequently, « and d;, have the same e, dependences, i.e., 


is 1) (1) 
= a, dys = ay ie 
@ “~~ dsso dz10 * 


zz0 


Experimental Results 


; gh) gD 
The field dependences of the piezoelectric coefficients == and _*!_ were deter- 
330 319 


mined using cylindrical specimens, polarized radially and tangentially and prepared 
of three different compositions: 


BaTi03, 95% BaTi03 + 5% CaTi03, and BaTi03 + 0.75% CoCO3. 


é The experimental procedure was the following (Fig.2). An 8 ke sinusoidal 
‘voltage was applied in single pulses of 5 millisec duration to the specimen, mount- 
ed in air. The natural resonance frequency of the specimens was 15 kc. The sound 
pressure developed by the specimen, proportional to the product d;,E, When operating 
off resonance in air, was recorded by means of a broadband sound detector placed 

at some distance from the specimen. The signal from the narrow-band filter tuned 
to 8 ke was measured by means of an oscilloscope. The temperature of the sample, 
which virtually did not rise even upon application of an 8 kv/cm field, was moni- 
-tored by a thermocouple. During the experiments the specimen was kept in a tempera- 


? a an 
a: 
© oes 
a uw 
—_? i i> 
r 7 
——ws 
<-/s"> 
co ; > a 
; i i 
== I 
= & Rotel 
| } j 
Pe 
——— SF 


| co | 
| 5 | WHE} 
iis 


Fig.2. Experimental arrange- 
ment for investigating the 
field dependence of the piezo- 
electric coefficients: 1) 
oscilloscope, 2) filter, 3) 
microphone, 4) specimen, 5) 
oscilloscope, 6) oscillator. 
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ture chamber equipped with a “window transparent 
to sound; the chamber temperature could be varied! 
from -20° to + 40°. Considering that a relative 
effect was measured, the accuracy of the measure- 
ments, and the reproducibility of the results 
were entirely satisfactory. gD 

The field dependences of -—— determined fort 


~ t&O 


the three above mentioned compositions at three 
different temperatures are shown in Fig.3. Examil 
tion of the curves leads to the following conclu-- 
sions. 1) 

1. The ratio ae increases with increasing 


Yen, 


field strength up to ~4.5 kv/cem for all three com 


positions at all temperatures. rey 
2. In fields higher than 4.5 kv/cm — de- 
ize 


creases noticeably for BaTiO, (but remains larger! 


than unity); it decreases less rapidly for the 95% BaTiO, + 5% CaTi03 ceramic, 
and it continues to grow for the material with the highest elastivity, i.e., 


BaTi0s al 0.75% Cocos. 


2) 
Fig.3. Field dependences of = 


) 
ey at different temperatures for 


dsio 


polarized ceramics of different composi- 
tion. a and b - BaTi03: 1) 25°, 2) 10°, 
3) 4°; ¢ and d - 95% BaTi03s + 5% CaTi0g: 


E,kv/cn 


and 


1) 25°, 2) 4°, 3) 10°; d - BaTi0g + 0.75% 
CoCO3: 1) 25°, 2) 10° and 3) 2°. 


Pe eee a OR AN Oe ow vt 


- 1361 - 


3. There is a qualitative agreement between 
the behavior of ds) and d{). q@ 
4, In studying the field dependence of —“ 


ding 
forward and reverse runs were made with H_ increas- 
ing and decreasing, respectively, with the speci- 
men held in the maximum, 8 kv/cm,field for 30 min 
before decreasing the applied field. This proce - 
dure resulted in coincident curves for 95% BaTi03+ 
+5% CaTi03 and BaTi03+0.75% CoC03, and somewhat 
divergent curves for BaTi03. For BaTi03, moreover, 


2 4 6 & kv/em When the field is held steady for 30 minutes at 
; we. the maximum value of 8 kv/cm the piezoelectric co- 
Fig.4. Field dependences of efficient returns to its original value d;,.. Thus, 


qm) for BaTi0g3 there is a certain ambiguity as regards 
—1 in increasing and decreas- the values of ae i.e., there is a difference be- 


do19 tween the values in increasing and decreasing 
ing fields (hclding time in fields in the field region above F£,, that is not 
maximum, 8 kv/cm field 30 min): connected with irreversible changes of dix) and, 
1 & 2 - forward and reverse apparently, Pp. 


runs for BaTi03, 3 - forward On the whole, there is qualitative correspond- 
and reverse runs for 95% ence between the theoretical variation of di} (E,) 
BaTiO; + 5% CaTi03, 4 - forward and the curves for ¢e(l)(i,) in the range of fields 
and reverse runs for BaTi0g + E,<E,. This correspondence is most pronounced 
0.75% CoCO3. for the material with the highest elastivity: 
BaTi03+0.75% CoCO3. The values of the coercive 
field E, for the three compositions are 4.5 kv/em for BaTi03, 7 kv/cm for Ba(Ca)Ti03, 
and 8.5 kv/em for Ba(Ca,Co)Ti0g.”? 

A study of the behavior of the higher harmonics, d{j)(E,), dij’(E2) , ete. would 
be of interest as would be comparison of the variation of d;,(H_) with the hystere- 
sis loops obtained at audio frequencies under pulsed operation with different hold- 
ing times in the maximum (high) field). 


= 
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PIEZOELECTRIC HYSTERESIS IN POLYCRYSTALLINE BARIUM TITANATE 
- I. P.Kozlobaev 


The magnitude of the induced polarization P; in polycrystalline bariun titan 
ate caused by an applied stress o,,, according to the theory of ferroelectric phe— 


1S E P s 
nomena! »2 is given by Pi=Pi—Pu=sep where P, is the total polarization, Pp,. 
? 


the spontaneous polarization, and 8, and 7, are pressure and temperature dependem 
coefficients in the expansion of the thermodynamic potential. 

At temperatures not close to the Curie point, where Poe the piezoelectm 
polarization is proportional to the applied stress, the piezoelectric effect as~ 
sumes its usual linear form, and the mean piezoelectric coefficient is described 
ef eat Spee . In this range of pressures eee 

O77 2BiP 9, Pir 0z 


<1; experimental datas | 


by dss = 


obtained for values of 6:zz up to 100 kg/em?, show that the magnitudes of the piez 
electric effect and of the dielectric constant in the temperature interval from & 

; T1522 __ B Pat 
to 90°, are virtually independent of pressure. Setting ——7~1, i.e., 5z2,=—1©&%. 


2 
ie aOz Y1 


we find that in this temperature interval (and far from the Curie point) stresses: 
must have a noticeable influence on the polarization P, and, consequently, on the 
Era 


Zz 


piezoelectric effect, since d3, = In order to evaluate o,, we shall make: 


ZZ 
use of the known values of 8,, 7, and Po. 

In electrostatic units we have Po = 4.5°104, 8B, = 1.7-10712 and ¥%41= 2.7° 
-10712 for single crystals below the Curie point. Inserting these values in the 
above equation, we obtain 62; = 1.3°109 dyne/cm? = 1300 kg/em2. At temperatures 
closer to the Curie point, the change in polarization must become evident at low- 
er stresses. To verify this experiments were set up to study the piezoelectric 
effect under high pressures. 

A hydrostatic press at our disposal allowed of applying uniform deforming 
stresses from 100 to 7000 kg/cm2, Since for the investigated specimens the ulti-- 
mate compressive strength under temporary loads lies in the range of 4000 to 5000! 
kg/cm2, the loads were limited to stresses of 3000 to 3500 kg/cm? in most of the 
experiments. The piezoelectric charges were measured by means of a ballistic gal! 
vanometer both during application of the load and during its removal. 

Whereas the values of the mean piezoelectric coefficient dss were of the sam 
magnitude but of opposite sign during application and removal at stresses lower 
than 100 kg/cm? , at stresses from 100 to 1100 kg/cm? the values of the coefficient! 
differed not only in sign but also in magnitude. At stresses above 1000 kg/em2 
application and removal once again give values of dog equal in magnitude and op- 
posite in sign. The curves for one specimen are shown in Fig.l. The effective 
piezoelectric coefficient d,, has its maximum value at a load of about 500 kg/om2! 
From 3000 kg/cm? and up to crushing loads d,, retains a certain constant value, 
which does not depend on the stress either during compression or "decompression". 
If the mean value of the piezoelectric coefficient is measured while slowly de- 
creasing the deforming pressure, the values obtained during loading and unloading 
coincide within the limits of experimental error Cx 10%). 

The results obtained give reason to infer that an external stress, by alter- 
ing the deformation of the cells, changes the magnitude of the polarization. Thi: 
change of P, can be represented as a change in the orientation of the polarized 


- 1363 - 


regions (domains). The result- 
ant disorientation of domains 
reduces the effective values 
of the piezoelectric coeffici- 
ent. Under low pressures, the 
number of domains in which the 
polarization vector changes di- 
rection is obviously small; 
that is why we obtain experi- 
a 7000 2000 3000 0,kg/em® mentally a linear increase of 
the charge on the faces of the 
ig.1. Stress dependence of the piezoelectric co- specimen with increase of pres- 
fficient d;,: 1) compression, 2) decompression. sure, At pressures of the order 
of 300 kg/cm? this growth be- 
omes slower, which can be explained by increase of the number of domains in which 
he polarization changes direction. In the high pressure range (above 1000 kg/cm?) 
he piezoelectric charge decreases with increasing pressure and there occurs gener- 
1 disorientation of the domains, which stops only at pressures approaching the 
upture point. 
The direction of spontaneous polarization in a polarized sample of barium 
itanate corresponds to the direction of the polarizing field applied; we denote 
s as the Z axis. If a uniform compressive stress is applied along the X or Y 
kis, the resultant strains will cause distension along the Z axis, thereby in- 
reasing the spontaneous polarization. If upon compression along the Y-axis the 
pontaneous polarization diminished, releasing a portion of the bound charges to 
pear on the electrodes connected to the sample, with the same sign as the charge 
£ the polarizing field, then upon expansion with an increase in polarization, the 
bound surface charges will not 
be sufficient for compensation 
and charge of opposite sign 
will appear on the electrodes. 
This is confirmed by the re- 
sults shown in Fig.2, obtained 
in measuring the pressure de- 
pendence of the piezoelectric 
coefficients ds, and d3, . These 
coefficients attain their maxi- 
mum values at loads of 150 to 
200 kg/cm2; at loads of 400 to 
450 kg/em2 for d;, and for 475 
ig.2. Load dependence of the piezoelectric coef- to 525 kg/cm? for dz. the coef- 
ficients d,, and dz. ficients change sign. At these 
pressures the strains produced 


yy the external load, significantly change the magnitude of P, and a charge of 
pposite sign appears on the electrodes. The charge increases with eet Agate 
ssure (P, increases), and levels off only at loads of epee 1000 kg/cm“. It 
ay be assumed that at pressures of the order of 109 dynes/cm? the external de- 
‘orming forces are balanced by internal elastic stresses, and P, assumes a con- 
tant value. If the deforming force is decreased, the reverse variation of the 
efficient does not correspond to the initial increasing load variation. The 
orward and reverse run values of dz, for one of the specimens are shown in Fig.3. 
is apparent that the observed phenomenon is analogous to hysteresis. i the 
erse run the change in sign occurs at a higher load than in the forward run. 


= B=. 6 


4 
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7000 6, ks /om® 


Fig.3. Load dependence of the piezoelectric co- 


efficient d,, during application and removal of 
the stress. 
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CONCERNING THE PIEZOELECTRIC EFFECT IN VARIKONDS 
- B.A.Strukov & N.D.Gavrilova 


Variation of capacitance with the applied dc field is a property of nonlinear 
ielectric elements (Varikonds) that finds application in a number of electronic 
evices. The steepness of the reversible characteristics of Varikonds makes it 
easible to realize wide variation of the resonant frequency of circuits incorpor- 
ting Varikond capacitors. 

Applying a dc field to a Varikond induces a considerable electric moment, the 
bsolute magnitude of which can be evaluated from the hysteresis loops. This means 
hat the nonlinear capacitor becomes a more or less active piezoelectric transducer. 
he frequency dependence of the impedance of such a "forced" transducer should evin- 
@ maxima corresponding to the different natural oscillation modes of the specimen 
nd their harmonics. 

; Whenever the natural frequency of a circuit in which the capacitance element 
ss a Varikond coincides with one of the natural frequencies of the Varikond, we 
hould observe a sharp dip of the Q-factor inasmuch as in this case the impedance 
£ the Varikond becomes equal to the resistance due to its internal and radiation 
osses. This effect is extremely undesirable particularly in equipment designed 
© operate in a wide frequency range. 

Fig.1 shows the frequency characteristic of the admittance of a VK-2 specimen 
n the form of a rectangular bar measuring 18.4 x 4.2 x 3.0 mn. 


?ig.1. Frequency characteristic of the admittance of a VK-2 Varikond bar measuring 
18.4 x 4.2 x 3.0 mn. 


Three resonance groups are clearly discernable at 100, 500 and 800 kc. On the 
basis of the specimen's geometrical dimensions, we can unambiguously identify the 
esonances near 100 ke with oscillations in length, those at 500 ke with oscilla- 
tions in width, and those at 800 kc with oscillations in thickness. 

. The results of quantitative investigation of the piezoactivity of the bar for 
oscillations in length are shown in Fig.2, where the horizontal scale is laid off 
in values of the voltage applied to the specimen, while the ordinates are values 

of the electromechanical coupling coefficient k3;, calculated from the resonance 

and antiresonance frequencies. Curve kz, (V) corresponds to a symmetrical loop for 
voltage variation from +1000 v to -1000 v and back ("negative values of 4é,, corre- 
spond to negative fields), attaining a saturation value of 11.5% at 10°C. The elec- 
ric field strength at which piezoactivity vanishes corresponds in magnitude to the 
coercive field found from the hysteresis loops. When sufficiently high fields are 
applied, piezoactivity is also evinced considerably above the Curie point. In aaa 
vestigating the frequency dependence of tan 5 by means of a Q-meter, we observe 
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-000 =-80 


Fig.2. Variation of the electromechanical coupling coefficient ,, with the bias-~ 
ing field and temperature. 


abrupt changes in tan § at frequencies corresponding ta 


| | the piezoelectric resonance peaks. The reason for thig 

es was explained above. 

(ee ee 7 It is obvious that oscillations in thickness con- 
5OM2 50MQ\— ss stitute the most serious problem inasmuch as oscilla- 


tions in length and width can be eliminated from the 
working range by adjusting the geometric dimensions of 
the specimen. The thickness of the specimens, however, 


Wes cannot be changed without affecting their operating 
Fig.3. Method of con- characteristics. 
necting the specimens To suppress thickness resonances we used the con- 
so as to reduce losses necting arrangement shown in Fig.3. With this electroag 
at frequencies corre- arrangement the polarizing field acts on the whole speo 
sponding to thickness men so that polarization is homogeneous throughout the 
resonances. volume. The deformation of the specimen incident to ap 


plication of an ac voltage to the split electrodes is 

such that one half of the specimen is compressed while the other half expands, 
i.e., oscillations of the two individual sections occur in counterphase. In prin 
ciple, if the natural frequencies of both halves coincide, total suppression of 
oscillation should be possible, i.e., the oscillation amplitude will differ littl 
from the static value. Losses are reduced by a factor of ten,and tan § near the 
thickness resonances does not exceed 10%. 

It is obvious that this electrode arrangement does not affect the nonlineari 
ty. Thus, let us characterize the nonlinearity by the coefficient 


where C, and Cy are the values of the capacitance in the absence and in the pres- 


ence of a bias field, respectively. Upon separation into two sections the capaci 
ty of the plate will be reduced by a factor of four, 2.e., 


(es Cy 
Cox Oe, 
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Upon application of a bias field, 


a 
é C 
U U 


so that we will have 


cs 


Hence parasitic piezoelectric thickness resonances can be eliminated from 
the working frequency band by appropriate choice of the geometric parameters and 
use of the proposed electrode arrangement. 


Physics Faculty, 
Moscow State University 


- 1368 - 


NONLINEAR PROPERTIES OF FERROELECTRICS AT MICROWAVE FREQUENCIES 
- V.M.Petrov 


In order to understand the nature of ferroelectricity it is instructive to © 
investigate the frequency range of the nonlinear properties of ferroelectrics. 
This is also important from the standpoint of practical utilization of ferroelec-- 
trics at high and superhigh frequencies. 

Since it is difficult to avoid heating of the specimens, ferroelectrics, so 
far as we know, have only been studied in weak microwave fields. A number of 
authors have investigated the variation of the dielectric constant é€ of barium 
titanate and some BaTi03-base solid solutions as a function of the de biasing 
field E.. Earlier we measured the E. dependences of € and tan 6 at 3000 Mc for 
single-crystal and ceramic barium titanate! as well as for different Varikonds?. 
It was demonstrated that the influence of the biasing field at 3000 Mc is quali- 
tatively analogous to its influence at low frequencies, i.e., both € and tan § 
decrease in the presence of E_. The only difference is that at 3000 Mc the value: 
of € is approximately half that at radiofrequencies, while tan 8 is some 10-20 
larger. 

The fact that € measured at microwave frequencies depends on the de field 
does not in itself betoken significant nonlinearity of ferroelectrics at super- 
high frequencies. In Fousek's work? the E. dependences of € at 1000 Mc are mis- 
takenly called "nonlinear properties of BaTi03 at 1000 Mc". Cassedy* also con- 
fuses these two essentially different questions when, by analogy with semiconduc-- 
tor diodes, he calculates a parametric ferroelectric microwave amplifier on the 
basis of curves of € versus E.. A dielectric is nonlinear at a given frequency 
only if its dielectric constant varies with the instantaneous value of the ac 
field. This condition is equivalent to € varying with the amplitude of the field! 
of the given frequency, inasmuch as € = f(E ) is an even function. 

In the present work we studied the E dependences of € of barium titanate 
and Varikonds at 3000 Mc. We used the coaxial measuring line procedure of Ivanov’ 
& Petrov®. Our specimens were small: d<’/2Ve and r,<4’/14Ve, where dis the 
thickness and 7, is the radius of the specimen. Calculations® show that in this 
case the microwave field is homogeneous throughout the specimen to within 5%. The : 
values of € were found from measured capacitance by means of the formulas for non- 
quasistatic plane capacitors. 

We succeeded in avoiding excessive heating of the specimens by using a pulse 
field with a low duty factor (1:12500) and small specimens (d~0.5 mm, 7,2 0.2 
mm). The maximum temperature differential between the center of the specimen and 
its faces, which were in thermal contact with massive metallic electrodes, was 


€ tan $-fE2 7 


where t and F are the pulse duration and repetition frequency, j is the frequency 
of the microwave field, c is the specific heat and p is the density of the ferro-| 
electric material, t%)=cpd?/8,, is the time to attainment of thermal equilibrium 
at the center of the specimen, and i, is the heat conduction coefficient of the | 
dielectric. In our case, for € = 1000, tan 8 = 0.25 and E~* 5 kv/om, the maxi- | 
mum temperature differential, according to (1), was about 7°; the capacitor plates 
were at room temperature (20°C). 

A block diagram of the set-up is given in Fig.l. The oscillator 1 had a 
pulse power of 80 kw, a pulse duration of 1 HWsec and a repetition frequency of 
80 pps. For decoupling the oscillator and controlling the power we used two dis- 
sipative waveguide attenuators with graphite-cement vanes. A third coaxial at- 
tenuator was used for decoupling the IMM-10 power meter 3 from the slotted line. 


(1) 
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By way of standing-wave indicator we employed 
a 103-I pulse amplifier 2 and an I0-3 slave 
sweep oscillograph, 

The microwave field amplitude at the 
specimen was determined by measuring the pulse 
power P passing through the slotted line with 
a matched load in place of the measurement 
capacitor. The power incident on the capaci- 
tor and reflected from it will also equal P 
inasmuch as the oscillator is decoupled from 
fig.1. Diagram of set-up for mea- the load by the dissipative attenuators. The 
suring the E~ dependence of € at field amplitude at the specimen was calculated 

3000 Mc. by the formula 


2 De 
Ev = —V2Z,Psin2al/¥ == V2Z,P/(1 + 020); eh 


here the coefficient m, which equals (1—aC,)Jo(1,Ve)Jo(a2)/Jo(x,) (in the notation 
of Ref.6), takes into account the field distribution over the radius of the capaci- 
tor (in the quasistatic case m=1), Zp = 50 ohm is the characteristic impedance, 
lis the distance of the standing wave minimum from the load, and C is the capaci- 
tance of the capacitor. 
Measurements of the E~ dependence of € for BaTi03 ceramic showed that up to 
~= 10 kv/em the dielectric constant is invariant and does not depend on the field 
amplitude. For further measurements we chose the most nonlinear BaTi03-base ferro- 
electrics: Varikonds of the VK-2 type, whose dielectric constant at 50 cps increas- 
es by a factor of 20-30 with increase of E~ from 0 to 0.8 kv/fem. Curve 1 of Fig.2 
shows the dependence obtained. The dielectric constant increases only slightly 
with increase of the crest value of the micro- 
‘3 wave field from 0 to 3 kv/cm. With further 


ZY increase of the field amplitude € begins to 
ys 
V2 


grow rapidly. There is a considerable spread 
of values for different specimens (hatched 
area in Fig.2). The larger the specimen, the 
sharper the rise of its dielectric constant. 
This in itself suggested that the observed 
field dependences were due not to nonlinearity 
of the material but rather to a temperature 
effect. VK-2 Varikonds are very sensitive to 
temperature change near 20°C (see insert curve 
in Fig.2). Increase of E. causes the inner 

4 G layers of the specimen to heat; therefore € 
Fig.2. Variation of the dielectric also increases. Rise of € in turn increases 
constant of VK-2 material with the AT, (see Eq.(1)), etc. This is why the curves 
field amplitude at 3000 Mc: 1) of € vs E are so steep in the vicinity of 
pulse repetition rate 80 pps, 2) E. + 5 kv/cn. 
240 pps. Insert: variation of € Fig.3 shows the E.~ dependences of € for 

with temperature at 0.5 Mc. VK-4 Varikonds, which have more stable tem- 

perature characteristics. The inserts in the 

figure show the temperature dependences of € of the same materials at radio fre- 
quencies. The dielectric constant of specimens of 2SZ material (curves 1) rises 
upon heating; it also increases with increasing E.. Although the nonlinear proper- 
ties of this material at low frequencies are approximately the same as those of 
VK-2 (€ at E~= 1 kv/cm is 30 times the initial "zero field" value), the E~de- 
pendence € at microwave frequencies is weaker than in the case of VK-2. This is 


~ 1600 
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due to the weaker temperature dependence of € 


é in the 2SZ ceramic. 
2 The dielectric constant of the 0.5SZ and 
1200 
1000 0.5SH materials drops slightly upon heating 
OA BT" | (curve 2) in insert to Fig.2). Accordingly, 
TOD RSENS SS SNS no rise of € with an increase of the field up 


to E, = 7 kv/cem was observed for specimens of 
this material. The nonlinear properties of 
these Varikonds at 50 cps can be summed up as 
follows: the ratio of the maximum dielectric 
constant (at E. = 1 kv/cm) to its initial value: 


is 16 for the 0.5SZ: material and 20 for the 
6£.,kv/em 58H. 


Fig.3. Variation of the dielec- Consequently, barium titanate and the most: 
tric constant of VK-4 Varikonds nonlinear BaTi03-base solid solutions (WVari- 
with the field amplitude at konds) exhibit no appreciable nonlinearity at 
3000 Mc: 1) 2SZ material, 2) 3000 Mc up to field strengths of the order 7 
0.5SZ and 0.5SH materials. The kv/cm. This deduction agrees with the results 
shaded area represents the ex- of a number of radiofrequency investigations. 
perimental scatter. Inserts: Thus, Obukhov? demonstrated that the nonlineari- 
temperature dependences at 0.5 ty of Ba(Ti,Sn)03 solid solutions similar in 
Mc. composition to the tested Varikonds vanishes 


at frequencies near 1 Mc. The high nonlinearity 
of Varikonds in relatively weak (~1 kv/cm) low-frequency fields is apparently due: 
primarily to domain polarization per se. As is known, the domain polarization 
switching time is about 1076 sec, so that at microwave frequencies the domain 
walls do not have time to keep up with the field variation even in strong fields. 
The high value of the initial dielectric constant is due to the high degree of 
polarization of the individual domains, i.e., to induced polarization. The E. 
dependence of € in weak ac fields, which is due to domain orientation by the bias- 
ing field, persists at microwave frequencies inasmuch as the anisotropy of € in 
the direction of polarization and in the perpendicular direction obtains up to 
optical frequencies. 

Consequently, for use in fields up to 7 kv/cem microwave parametric amplifiers 
frequency multipliers and other devices that utilize the variation of € with the 
instantaneous field value should not be fabricated of barium titanate and Vari- 
konds. However, the latter can be employed to realize frequency and amplitude 
modulation of microwave signals and in the design of phase shifters and other 
microwave components in which the frequency of the control voltage does not ex- 
ceed a few megacycles. The existence of nonlinearity of the induced polarization 
near the Curie temperature in actual fields is of course not excluded; in this 
case it is possible in principle to employ ferroelectrics as nonlinear microwave 
elements. 

I wish to thank I.V.Ivanov for valuable advice with regard to the experiments 
and T.N.Verbitskaya for providing the Varikond specimens and data on their non- 
linear properties at low frequencies. 
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FERROELECTRIC FILMS WITH A RECTANGULAR HYSTERESIS LOOP 
- M.S.Lur'e, E.I.Vasil'eva & I.V.Ignat'eva 


In recent years many investigators have been concerned with the development 
of polycrystalline ferroelectrics with rectangular hysteresis loops.1,2 Smolensk: 
suggested that the rectangularity coefficient of polycrystalline ferroelectrics c: 
be increased by reducing the unit cell anisotropy. On the basis of geometrical 
considerations, Ksendov demonstrated that when the dielectric constant has the san 
or nearly the same value along different crys- 
tallographic axes, the integral dynamic polar- 
ization curve for chaotically scattered domaiz 
acquires a more rectangular character. In thi 
connection of particular interest are ferro- 
electric materials with a nearly cubic (for 
example, rhombohedral) structure. 

In view of the available experimental 
data, we assume that the character of the 
chemical bonds in the crystal lattice also 
plays an important role where the shape of 
the hysteresis loop is concerned. It is known 
for example, that the increase of homopolarity 
incident to replacement of Ba2t by Pb2+ ions. 
in solid solutions of the (Ba,Pb)Ti03 system, 
increases the rectangularity of the dielectric 
hysteresis loop in spite of increase in the 
anisotropy of the unit cell. 

Pursuant to the above assumption we thoug: 
it would be worthwhile to investigate the pro- 
Fig.l. Ac field dependence of the perties of some solid solutions in the Pb(Ti, 
dielectric constant for Pb(Ti,Zr)03 Zr,Sn)03 system. Our specimens were discs pre 
solid solution specimens of dif- pared from a mixture of the oxides by the con- 
ferent composition. ventional procedure of sintering in an atmos- 

phere containing lead oxide vapor. By care- 
ful control of the synthesis conditions we succeeded in reducing the loss in weigh 
due to evaporation of lead to 0.1-0.5%. Silver electrodes were fired onto the 
sintered discs. Fig.1 shows the ac field dependences of the dielectric constant 
for some Pb(Ti,Zr)03 system specimens. It will be evident from the curves that 
the nonlinearity increases with increasing PbTi03 concentration and goes through 
a maximum in the vicinity of morphotropic transition from the rhombohedral to the 
tetragonal phase (according to the data of Ref.3 the transition occurs at a 45% 
content of PbTi03). 

The oscillograms reproduced in Fig.2 show a considerable increase in rectangu 
larity of the hysteresis loops with increasing PbTi03 concentration. The para- 
meters of the specimens remain stable in a wide temperature range (Fig.3). Sub- 


210 


500 5000 000 4, v/cm 


Fig.2. Hysteresis loops for specimens of the Pb(Ti,Zr)0 
' 3 System: a) 24% PbTi0e + 
+ 76% PbZr03; b) 30% PbTi03 + 70% PbZr03; c) 40% PbTi0g + 60% PbZr03. : 
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‘ig.3. Temperature dependence of the hysteresis loops for specimens of 40% PbTi0g + 
+ 60% PbZr03: a) 20°; b) 150°; c) 200°C. 

stitution of 'PbSn03" for PbZr03 leads to some increase of polarization and a minor 
lecrease of the coercive field. The rectangularity coefficient remains virtually 
unchanged. 

Thus, in the Pb(Ti,Zr,Zn)03 system there is a very wide range of concentra- 
ions characterized by nearly rectangular hysteresis loops. The principal charac- 
eristics of some of the investigated compositions are given in the table. 


Composition, mole % 


Specimen Po-10°, K 
ee PbZrO; PbTiO; «PbSn0,» Coul /om= Bes v/ aD is 
P-10 90 40 — 8,4 8350 0,65 
P-24 76 24 — 10,4 6950 0,78 
P-36 64 36 — AV 6350 0,83 
P-36—10 54 36 10 45 5850 0,85 
P-40 60 40 — 1S 6650 0,85 
— 14 6900 0,83 


P-45 Bhs) 45 


Polycrystalline films ~2 » thick with the indicated compositions were prepared 
y deposition of the appropriate oxides onto a platinum foil or platinized ceramic 
acking by hydrolysis from a solution of the corresponding tetrachlorides, and then 
intered in a lead oxide vapor atmosphere. The base served as one electrode; the 
other electrode was applied to the films by vacuum evaporation. Sintering condi- 
ions were determined experimentally to obtain maximum agreement between the funda- 
ental parameters of film and ordinary specimens. We succeeded in obtaining exact 
incidence of Curie temperatures for ordinary and film specimens of identical com- 
sition. The other parameters, however, differed to some extent. This is not 
urprising if we recall that at the surface of ferroelectrics there exists an ano- 
alous layer associated with the presence of a space charge compensating the con- 
act potential difference at the interface of the two phases. The presence of 
such a layer has been reported by a number of authors4-? who also noted that owing 
to the high value of the internal field, the surface layer must be in a strongly 
larized state and have a small value of € as compared with the value for the in- 
er volume. Hence for film thicknesses commensurate with that of the surface lay- 
er, the parameters of the specimens will inevitably differ sharply from those of 
ulk material. 
Figs.4 show oscillograms of the hysteresis loops and Fig.5, the nonlinearity 
characteristic of film specimens, measured, as in the case of the bulk specimens, 
at a frequency of 50 cps. Noteworthy is the abnormally high value of the satura- 
tion field. The value of the peak dielectric constant €,,, is much lower than 
that for bulk specimens of analogous composition. 

To elucidate the influence of the surface layer on the electric character- 
istics we carried out a series of experiments using different materials for the 
“second'’ electrode. In all cases the "first" electrode was the platinum foil 


ey 
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backing. To eliminate errors due to pos- 
sible variation of different individual | 
specimens, each electrode material was de-- 
posited at three separate points on the 
same specimen; each electrode spot was 0.6) 
mm in diameter. Deposition was effected by 
vacuum evaporation at the lowest possible | 
temperature of the specimen in order to 
minimize diffusion of the electrode materi: 


Fig.4. Hysteresis loops of ferro- into the film. 
electric films: a) Pt-Ag electrodes; Fig.6 shows the ac field dependences o 
b) Pt-In electrodes. the dielectric constant for one of the spec 


mens with different electrodes; the data 
were recorded at a frequency of 500 cps. It will be evident from the curves that 
the value of the dielectric constant and saturation field differ greatly for dif- 
ferent electrode materials. 


Fig.5 Fig.6 
Fig.5. Ac and de field dependences of the dielectric constant of ferroelectric 
films: 1) € = f(E.), E.= 0; 2) e€= f(E.), E. = 40 kv/cm. 
Fig.6. Variation of the nonlinearity of ferroelectric films with the 
second electrode material. 


A characteristic feature of film specimens with different e 
marked asymmetry of the hysteresis loops; this is particularly oot oon i ta 
range of fields weaker than the saturation field (Fig.4,b). Such asymmetric loo 
were obtained for indium, tin and antimony electrodes, but were not for gold i 
the case of silver electrodes a weak asymmetry was observed for some apasiaten bu 
not for others. This asymmetry may be due to the presence of an internal field ; 
the volume of the ferroelectric; such a field may arise owing to disparity betwee 
the space charges at the different electrodes and/or owing rectification at the 
ferroelectric~metal interface. This point of view is consistent with our earlien 
observations’ and the work of Saburi8 , who detected uncompensated polarization i 
unpolarized polycrystalline specimens and the presence of rectification on me j 
boundary between conducting barium titanate and Silver. The influence of ined 


35 4 45 0, ev 


Fig.7. Variation of the 

Switching time of ferro- 
lectric films as a func- 
ion of electrode materi- 
al. 


- 1375 - 


anomalous layer in the contact region is also clearly 
evident in measurements of the switching time of ferro- 
electric films (Fig.7). 

It should be noted that the curves reproduced in 
the above figures differ somewhat for different speci- 
mens and are therefore qualitative rather than quanti- 
tative in character. This variation in individual sSpec- 
imen characteristics is connected with the difficulty 
of insuring stoichiometric composition and identical 
impurity concentration in preparing film specimens. 
Nevertheless, we believe that the present data may be 
of interest, particularly insofar as it indicates the 
possibility of controlling the properties of ferroelec- 
tric films by varying the state of the surface layer. 
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ELECTRIC CONDUCTIVITY OF BaTi0g BASE SOLID SOLUTIONS OF MANGANESE, COBALT 


AND NICKEL NIOBATES AND TANTALATES 
- E.A.Stafiichuk & E.V.Sinyakov 


We investigated the dielectric properties of polycrystalline specimens of 
BaTi0g-base solid solutions of manganese, cobalt and nickel niobates and tanta~ 
lates in ac fields and observed a number of interesting properties!, In the preg: 
ent report we give the results for the temperature and concentration dependences 
of the electric conductivity and thermo-emf of the indicated solid solutions and 
compare the effects of Mn2+, Co2+ and Ni2+ ions on the conductivity of BaTi03. 

The specimen preparation procedure was described in Ref.1. The specimens 
for the conductivity measurements were discs 15 mm in diameter and 2-3 mm thick. 
Platinum electrodes with guard rings were applied to the solid solution specimens 
by cathode sputtering. The temperature dependence of the conductivity was measur 
on a string electrometer set-up in the range from 50° to 200°C in ~20 v/mm fields 
A special electrometric arrangement was employed to measure the thermo-emf of the: 
same specimens. In this case silver electrodes were fired on. 

Table 1 gives the results of investigating 0 = f (1) for the compositions en— 
ployed as the second components of the BaTi03 solid solutions. These data indi- 
cate that ABg0g and "AoB,07"' compositions (where A stands for Mn, Co or Ni and B 
for Nb or Ta) have a rather high resistivity p (as a rule, p is higher for compo— 
sitions of the AB90g type than for "A2B907"). The plots of log o = f(1/T) for 
AB20g compositions are straight lines without a break. 

Compositions of the "AgB907" type exhibit breaks in the log o = f(1/T) plots 
In going from Mn to Ni we note an increase of the break temperature, of the acti-— 

—u 
vation energy U (calculated by the formula o = Oy e247) and the resistivity. It 
should be noted that "CogNb907", "CogTa907" and "MngTa907" exhibit the same kind 
of breaks as V205 and ZnO and that the activation energy of "CogTao07" and of 
"MngTa907" increases by a factor of two in going through the break point, i.e., 
doubles above the break temperature. 


Table 1 
Com— at 149° U U | Break | 9 at 149° 
U p Compound 1 2 
pound Soi ohms cm ere | ev ev | ast ohm: cm 
1S 
MnTa20¢ 1,84 1,03-1012 «MngTa207» | 0,54 | 1,02 115 6-10° 
CoTa20¢ nT 3,07-1012 «C02Ta207» 0,62 | 1,16 127 2-10? 
NiTagO. 1,68 3-4010 «NigTa207» 1,92 | 1,56 153 4-401° 
MnNb20, 1,08 2,49-10° «Mn2Nb2,07» | 1,38 | — _ 1,6-107 
CoNb20¢ 1,56 2,99-1010 «Co2Nb207» 1,46 | 1,76 113 5,2-107 
NiNb20¢ 1,74 Uo Oe «NigNb207» 4,62 | 4,49 150 6,2-401! 


Careful x-ray diffraction studies showed that AO + Bo05 mixtures form AB50 
compounds of the columbite type, while 2A0 + B905 compositions do not form | 
cal compounds but result in a mixture of AB50g compound and AO oxide. This ex- | 
plains the differences between the resistivities of the indicated compositions 
and the presence of breaks in the logo= ¢(1/T) plots for "AoB907". | 

As was noted in Ref.1, introducing Mn, Co and Ni niobates and tantalates in- 
to BaTi03 leads to formation of solid solutions. Measurements of the temperature 
and concentration dependences of the conductivity of the indicated solad solu- 
tions showed that the resistivity of solid solutions of the BaTi03-ABo06 t 
is considerably higher than that of BaTi03-"A9B,07" systems (see Table 2) "hic 
can be associated with differences between the types of solid solutions Sorsied in 
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systems and the fact that the concentration of transi- 
tion metal ions is higher in solid solutions of the 
second type. 

As is known, a number of authors2;3 have ob- 
served a conductivity anomaly in BaTi03 at the Curie 
point. In our investigations jumps of the conducti- 
vity at the Curie point were observed for a number 
of BaTi0g solid solutions with 0.5 to 1 mole percent 
manganese niobate or tantalate (Fig.1). For other 
concentrations the Curie points of BaTi03-"A9B907" 
solid solutions lie outside the temperature range 
of our measurements, while BaTi03-"AB90g" solid solu- 
tions with "impurity" concentrations greater than 1 
mole percent are nonferroelectric. As a rule, jumps 
; of conductivity are not observed for solid solutions 
Fig.1. Log o = f(1/T) for of Mn and Co compounds. 

q BaTi03-1% MnNb90,g solid It is probable that the marked rise of Oo at the 

solution. Curie point for manganese-containing solid solutions 

is due to the fact that the Mn2* ion has a weaker 

effect on the ferroelectric properties of BaTi03 than the other ions (for example, 
o2* and ni2t)1,4, At the Curie point, where rearrangement of the crystal lattice 
occurs, there obtain in Mn-containing solid solutions the most favorable conditions 
for increase in the number of current carriers owing to “loosening” of the lattice 
as well as to freeing bound charges on the domain walls. With increasing content 
of the second, Mn-containing components (beginning with 2%), the conductivity of 
the solid solution increases and the activation energy decreases, dropping to a 
value of ~1.0 ev. 

Some nickel compounds, on the contrary, act to increase the resistivity of 
the solid solutions. This has been noted earlier by other authors?»4. Ni2*-con- 
taining solid solutions also have the highest activation energies (see Table 2). 

Comparison of the properties of solid solutions of niobates and tantalates 
of the metals under consideration shows that niobium-containing solid solutions 
as a rule have a higher resistivity than those containing tantalun. 

; The indicated regularities in the variation of the resistivity and activation 
energy of solid solutions as a function of the introduced A and B ions are in good 
agreement with the ionization potentials of these cations. 

To elucidate the reason for the appearance of breaks in the log 6 = f G/T) 
straight line plots we investigated the temperature dependence of the thermo-enf. 
The results for some systems are given in Fig.2. 

Comparison of the o =f (T) and Q@ = f plots showed that the breaks in the 
log o vs 1/T straight lines correspond, as a rule, either to a change in sign or 
a maximum (or minimum) of the thermo-enf. Thus, for example, for the specimen con- 
taining 1% NiTag0g breaks were observed at 145° and 90° and the thermo-emf changes 
its sign twice (at 135° and 75°); in "CogTa907''-containing solid solutions the 
thermo-emf does not change sign and the log Oo vs 1/T plots evince no breaks (Fig. 
2,b). Comparison of the values of the conductivity and thermo-emf of specimens 
of different composition shows that the relation @ = C -B log o (valid for semi- 
conductors) is satisfied. 

From analysis of the o = f(T) plots follows still another important gedice 
tion; in the investigated temperature range the sign of the thermo-emf of Ni“'- 
containing solid solutions is negative, while for compositions with Mn2+ and Co2* 
it is positive. If we recall that normally in BaTi0g n-type conductivity persists 
up to about 180°C, we are led to infer that the character of the conductivity of 
BaTi03 is affected little by Ni-containing additives, but is significantly altered 
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"NigTa,07; b) BaTi03-"CooTa907"; c) BaTi03-"MngTag07". The figures at the curves 


tia Temperature dependences of the thermo-emf of solid solutions: a) BaTi03- 
indicate the impurity (second component) content in mole percent. 


y additives containing Mn and Co; the last result in transition to p-type conduc- 
ivity at a lower temperature. 

It is evident from the foregoing that the conductivity of the investigate 
fn, Co and Ni niobate and tantalate solid solutions is determined to a consider- 
able extent by the properties of the divalent substituting cation. 
It is at present impossible to construct energy diagrams for the investigated 
solid solutions partly because of their complexity but mainly because the energy 
diagram for pure BaTi03 has not yet been definitively established. 
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PROPERTIES OF SOME BaTi03-"AgB207' TYPE SOLID SOLUTIONS IN STRONG ELECTRIC FIELDS 
- E.V.Sinyakov & E.A.Stafiichuk | 


In recent years a good deal of attention has been devoted to the study of 
niobates and tantalates of divalent metals and their solid solutions based on dit 
ferent ferroelectrics. We felt it would be interesting to study the electric 
properties of BaTi03 solid solutions with the niobates and tantalates of transi- 
tion metals of the iron group. 

Mn, Fe, Co and Ni are particularly interesting where such studies are con- 
cerned: their ionic radii are close, while the number of electrons in their 
subshell increases in the series. Consequently, investigation of BaTi03-base 
solid solutions of like compounds of these metals should disclose the effect of 
the degree of filling of the electron shells of introduced ions on the properties: 
of solid solutions. 

For this study we synthesized compositions of the AO-Bo0s5 and 2A0-Bo05 types: 
where A stands for Mn, Co or Ni and B for Nb or Ta, and their BaTi03-base solid © 
solutions. The preparation procedure and the results of investigation of the 
specimens in weak high-frequency fields were described in Ref.1. 

Careful x-ray diffraction studies showed that compositions of the AO-B905 
type form ABg0g compounds, while 2A0-B90s5 compositions represent mixtures of the 
metacompound with the oxide of the divalent metal; provisionally, we designate 
compositions of the latter type "pyrocompositions”. 

On the basis of x-ray diffraction data and the variation of the Curie temper 
ture with the second-component concentration, we assume that in BaTi09-"A2B,07" 
systems in the investigated range of concentrations there are formed solid solu- 
tions in which the Mn2*t, Co2* and Ni2+ cations occupy Ba2t positions. Some othen 
authors2,3 have also inferred that transition metal ions may replace the Ba2* ion 
in BaTi0g and Sr2+ ions in SrTi0g. 

Inasmuch as the radii of the A cations and the degree of filling of their 
electron shells differ from the corresponding values for Ba2t, the presence of A 
ions in the barium sublattice must result in great distortion of the unit cells 
as well as in decrease of the degree of covalence of the Ti—0O bonds.4:5 These 
factors result in some change in tetragonality of the cells, which is substanti- 
ated by x-ray diffraction analysis. The decrease in the degree of tetragonality 
of the cells and the merging of the phase transitions at a certain second-compon-— 
ent concentration must have a definite effect on the electric properties of the 
solid solutions in strong electric fields. 

The nonlinear properties of the specimens were measured at 50 cps by means 
of the equipment described in Ref.6 at temperatures that were about equally dis- 
tant from the Curie points of the different compositions. We made 18 x 24 cm 
photographic prints of the hysteresis loops, which enabled us to determine the 
specimen parameters with good accuracy. 

The results of investigating the nonlinear properties of different solid 
tee Sane Are emai te ae the table, where EL, denotes the field 
responding Bee ie value of ie c ; t cern LLY Be, 6g 1dan Eee one 
the table that for all the s tea tke i perme Me tcrent rea) (ai) SE i 
tration up to 3 mole RAREST is abaarena eae of Ettore nen 
sistent growth of &m. moe thor an 

Mn, Co and Ni "pyroniobate" ("pyrotantalate") solid solutions exhibit clear 
dependence of HL, and em on the degree of filling of the 3d subshell of the dival- 
ent cation (see the Table and Fig.2). The lowest values of Hy, are observed f 
nickel tantalate and niobate solid solutions. as a 
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Nonlinear Properties of BaTi03-AOAB90g Solid Solutions 


1 mole % { 2 mole % | 3 mole % 
Second E E 
0, °C Mm? € ° Mm: ° E , 
component kev/cm = es pac kev /om a cad ea =p 


«Mn2Nb207» 90 7 
«Co ,Nb207» 82 5 
«NigNb20 7» 73 4 
7 
6 
3 


10800} 41,007, | 35 
12000} 4,005, | 22 


3 16000 | —25 | 12 0100 

2 
9750} 1,003, ik fal 

2 

il 

il 


20800} —70 | 8,6 | 7340 
9 | 32400} —95 | 6,86} 9500 
8 | 41000 8} — a 
5 | 16400} —76 | 9,23 | 5200 
5 | 28000 |—108 | 4,14] 8040 


«MneTa207» 82 
«CogTa207» 85 
«NigTa207» 66 


3 

6 8100} 1,006, | 44 
18 | 412800] 1,004, 7 
2 14900] 1,004; | —7 


It should be noted that the most pro- 
nounced nonlinear properties for all the in- 
vestigated solid solution systems are evinced 
at 2 mole percent second-component concentra- 
tion. The nonlinear properties are enhanced 
up to this concentration and wane with fur- 
ther increase of the second-component concen- 
tration. 

The usual regularities in the variation 
of the hysteresis loop parameters as a func- 
tion of temperature, common to other solid 
solutions’, are observed for the investigated 
solid solutions. In all the pyrotantalate 
(pyroniobate) solid solutions, up to a con- 
centration of 3 mole percent, the coercive 
field E, decreases consistently with increase 
in the number of electrons in the 3d subshell 
of the divalent cation. The minimum value of 
E, for all systems is obtained for 2 mole 


Fig.l . - Fig.2 
Fig.1. Field dependences of « for the BaTi03- NigTa907 system at Res EI: ooo 
peratures and with different "NigTa,07 concentrations: 1) 22°C, O mole %; 2) 22°C, 
; 1 mole %; 3) 40°C, 2 mole %; 4) 185°C, 3 mole %. 
Fig.2. Field dependences of « for solid solutions with 2 mole percent: 


aS ge ; "t 
1) "MngNbo07"', 2) "CogNb207' ? 3) 'NigNb 207 ° 
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percent of the second component; upon further increase of the concentration, Eg | 
rises sharply. We calculated the rectangularity coefficients K for all the hys- 
teresis loops and found that the composition characterized by the highest rec- 
tangularity coefficients is that containing 1 mole percent "CooTa207 (for which. 
K = 93% and Kg = 76% at room temperature). It should also be noted that as a 
rule the saturation field has lower values for nickel-containing compositions 
than for those containing manganese or cobalt. 

The results of investigating the properties of solid solutions in high fiela 
agree quite well with the data from x-ray diffraction studies and measurements 
carried out at high frequencies. 

As noted above, replacement of barium ions by divalent transitions metal cat 
ions leads to a decrease in the degree of tetragonality of the unit cells and an 
appreciable shift of the Curie point to the side of lower temperatures. 

The most pronounced nonlinear properties and lowest values of E,, are observe 
in just those compositions for which the degree of tetragonality at equal second- 
component concentrations is lowest, i.e., for compositions containing nickel ions: 
The nonlinear properties increase, together with the decrease in the degree of 
tetragonality, with increase of the second-component concentration up to 2 mole 
percent. Moreover, the appreciable increase of nonlinearity at 2 percent second- 
component concentration is associated with increasing mobility of the domain wall] 
in connection with merging of the two phase transitions. ? 

Beginning with 3 mole percent second-component concentration, as a rule, the 
values of e, on the & vs temperature curves decrease for all the compositions, th 
nonlinear properties deteriorate and the coercive field rises appreciably. All 
this is probably due to the fact that the amount of nonferroelectric phase, which 
forms interlayers that screen the regions of spontaneous polarization, increases 
with increase of the second component concentration above ~3 mole percent. 

Thus, the above data indicate that in spite of having radii that differ very 
little from each other, Mn2* , Co2* and Ni2+ ions have a substantially different 
(as regards magnitude) effect on the properties of BaTi03-base solid solutions. 
This difference is obviously connected with the different degrees of filling of 
the 3d subshells of these ions. 
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IELECTRIC PROPERTIES AND STRUCTURE OF PbhTi03-SrTi03-"Big/3T103" SOLID SOLUTIONS 
- V.Ya.Fritsberg, E.Zh.Freidenfel'd & Ya.Ya.Kruchan 


One of the sides of the PbTi03-SrTi03-"Big/3Ti0," concentration trangle, name- 
y, the binary system PbTi03-SrTi03s, has been investigated by Smolenskiil~3 and 
ther authors4,5, It was found that solid solutions with typical ferroelectric 
roperties form in a wide concentration range and that the Curie point consistent- 
y shifts to the side of higher temperatures with increase of the PbTi03 concen- 
ration. The second side of the concentration triangle, representing the SrTi03- 
Big/3Ti0, system, was investigated in detail by Skanavi et al6, These authors 
sstablished that in this system there exists a region of solid solutions with a 
subic lattice of the perovskite type, extending to 35 mole percent bismuth titan- 
ite concentration. Investigation of the dielectric properties brought out the 
relaxational nature of the polarization (the temperature maxima of € and tan 8 
shift with frequency). Further, x-ray diffraction studies showed that if the 
sintering temperature is not too high and there does not occur dissociation of 
the oxides,there forms an omission type solid solution with vacant sites in the 
strontium part of the lattice. These authors attribute the observed relaxation 
ae to ionic relaxation due to the defect structure. At room temperature the 
ielectric constant retains a high value (about 1000), while tan 8 is less than 
-01, which is of interest from the standpoint of practical utilization of these 
aterials. Skanavi et al® did not observe dielectric hysteresis loops, variation 
£ € with the field strength or other properties characteristic of ferroelectrics. 

In view of the above it may be assumed that by investigating an appropriate 
eries of compositions in the PbTi03-SrTi03-"Big/3Ti03" system one can follow the 
ransition from typical ferroelectrics to compositions with relaxation polariza- 
ion. Study of this transition was the purpose of the present work. In view of 
the closeness of the ionic radii of Pb2t, Sr2+ and Bist, we hypothesized the ex- 
stence of a certain definite region of solid solutions, wherein the expected 
egularities could be observed in relatively pure form. 

The specimens were prepared by the usual ceramic technology of "pure grade’ 
pO, Bi203, Tids and SrC03. Synthesis of high quality specimens in our case pre~ 
sented certain difficulties owing to the fact that Big03 at sintering temperatures 

£ 1100-1350° tends to fuse, while PbO tends to vaporize. As a rule the synthe- 
Sis was carried out in an atmosphere of lead oxide vapor; the losses in the pro- 
ess of synthesis were monitored by weighing. Tests showed that by careful choice 
f the synthesis conditions one can reduce the losses of PbO and Big0, to a mini- 
and obtain specimens with negligible porosity. The composition of the speci- 
ms was checked by chemical analysis. The data given in the present report per- 
tain to materials in which the content of the various oxides deviated from the 
specified values by no more than 1.5% by weight. The water absorption of the spe- 
cimens did not exceed 1%. 

We carried out measurements of € and tan 8 in a wide range of frequencies 
and temperatures by means of conventional bridge and resonance equipment. A 
standard Sawyer-Tower circuit was used to study the ferroelectric properties at 
frequency of 50 cps. The x-ray diffraction studies were carried out on a URS- 
-501 diffractometer. We used the point counting procedure for determining the 
lattice parameters, the accuracy in determining which is estimated to be 10,002 


kX. 


Specifically, we investigated two cross sections of the ternary systems (Fig. 
1) in each of which the ratio of SrTi03 to PbTi0g was constant (7:3 in specimens 
of cross section A and 4:6 in specimens of section B), while the Bi2/3T103 con- 
centration increased in steps. Thus in effect we doped the pure ferroelectric 
PbTi03-SrTi03 with increasing quantities of "Bip/3Ti03". In addition, we investi- 
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gated the structure of some compositions 
along the PbTi03-"Big/3Ti03" line. | 
On the basis of the x-ray diffraction 
data it may be asserted that in the given — 
system there does exist a region of solid 
solutions (outlined in Fig.1). X-ray 
studies also showed that at room tempera- 
ture the crystal lattice of A specimens 
with low "Big/3Ti03" concentration is pseudd 
cubic. The lattice constant a of the initi: 
0.7 SrTi03-0.3 PbTi03 composition is 3.906 
kX. With increase of the "Big /3Ti03" con- 
centration in section A specimens, some of 


Fig.1. Investigated compositions the reflection spots (particularly 200 and 
and region of solid solutions in 310) become wider and finally split into 

the Ent Oa Stts0a% Bia/Bt aaah doublets, characteristic of a tetragonal 
system. The data on the boundary lattice. Thus for the A section composition 
of solid solutions along the containing 15 mole percent "Big/3Ti03" a= 
SrTi03~-"Big/3Ti0," line are taken = 3.908 and c = 3,927 kX. 

from the work of Skanavi et al§. The lattice of B compositions at room 


temperature is tetragonal. 
The constant a fluctuates 
B 3s about a mean value of 3.90% 
fe kX, while c consistently 

increases with increase of 
the "Big/3Ti03" concentra- > 
tion from 3.971 kX for the: 
initial 0.4 SrTi03-0.6 
PbTi03 composition to 3.98% 
kX for the composition con- 
taining 20 mole percent 
"Big /g3Ti0g". 

With increase of the 
"Big/3Ti0," content, simul- 
taneously with increase in 


= i ae 2 7 00 6D 200 20 ale the degree of tetragonality 
TC of the lattice, there is 
Fig.2. Temperature dependence of the dielectric observed a shift of the 
constant € for some compositions of sections A phase transition to the 
and BE, The figures at the curves give the side of higher temperatures 
Bigs3Ti0, concentration in mole percent; f = (Fig.2); the phase transi- 
= 0.5 Mc. tion in B compositions is 


associated with a sharp € 
peak, characteristic of a "pure" ferroelectric, while for compositions of section 
A the € peak is gradually smeared out. This presumably indicates that the phase 
transition extends over a wider temperature range. 

Section B compositions in the region of solid solutions exhibit all the 
basic properties of ferroelectrics. Thus, for example, typical dielectric hys- 
teresis loops are readily observed at room temperature. Although it is impossibl 
to obtain a saturation curve (up to breakdown fields) , nevertheless the so-called 
normal curve, passing through the vertices of the family of hysteresis loops, hag 


two distinctive inflection points, which, as is known, is ch 
electrics. : ? ’ characteristic of fer 
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The dielectric proper- 
ties of section A composi- 
tions are more complicated. 
Fig.3 shows typical € and 
tan 8 vs temperature curves 
recorded at different fre- 
quencies for section A and 
B compositions containing 
equal amounts of "Big /3/Ti03". 
Clearly evident is the great- 
er temperature extent of the 
phase transition in the sec- 
tion A composition as com- 
pared with the B composi- 
tion and the presence of a 
relaxation shift of the é€ 
and tan 8 peaks in the curve 
for the section A specimen. 


-0 -50 0 50 100 150 200 eee Nevertheless, for section A 
specimens also one can readi- 
ig.3. Temperature dependence of the dielectric ly observe a dielectric hys- 
onstant and loss tangent at different frequen- teresis loop which, inci- 
ies for compositions of sections A and B con- dentally, disappears only at 
taining 25 mole percent "Big/3Ti0,': 128712) =50 temperatures some tens of 
cps, 2 & 2") 1000 cps, 3 & 38) 0.5 Mc. degrees above the tempera- 


ture of the € peak, which 
is also evidence of the extended temperature range of the phase transition. As 
in the case of section B specimens, for section A specimens one cannot obtain 
saturation of the polarization curve (loop) by increasing the field strength 
(again breakdown occurs first). Here again both inflection points on the normal 
curve are clearly in evidence, so there can be no doubt regarding the existence 
of ferroelectricity in section A solid solutions. 


ob 
Conclusions 


X-ray diffraction studies show that there exists a definite region of solid 
solutions in the PbTi03-SrTi03-"Big/3Ti03" system. The variation of the proper- 
ties of these solid solutions as a function of composition is characterized by the 
following regularities. 

1. With increase of the "Big /3Ti0g” content in specimens with a constant ratio 
of PbTi0s to SrTiO, the tetragonality of the crystal lattice increases and the 
phase transition is displaced to the side of higher temperatures. 

a 2. In compositions in which PbTi0g predominates over SrTi03 the ferroelectric 
properties of the initial composition persists despite introduction and increase 
in the amount of "Big /3Ti0,3'- 

3. In system cross sections wherein the content of SrTi0g3 predominates over 
PbTi03 introduction of "Big/3Ti0g", in addition to shift of the phase transition 
to the side of higher temperatures, leads to broadening of the temperature region 
of the phase transition and to the appearance of relaxation polarization. 

; The increase in the degree of tetragonality of the lattice as the result of 
Antroduction of "Big/gTi0," can be explained by the high polarizability of the 


bismuth ion. 


F 
i 
) 
ae 
be 
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The observed relaxation effect can hardly be attributed to defects in the 
Pb, Sr or Bi sublattice due to formation of omission type solid solutions, inas- 
much as, for example, the number of defects in compositions of sections A and B 
with the same "Big/3Ti03' content should be the same; yet whereas in section A 
specimens relaxation effects are clearly evident, in section B specimens they are: 
virtually absent. In view of the fact that all the investigated compositions ex-: 
hibit a typical ferroelectric hysteresis loop, it is more logical to associate 
the relaxation with the domain orientation mechanism operating under conditions 
of an extended phase transition region. 

We desire to thank G.A.Smolenskii for suggesting the topic and guidance in 
the work and I.E.Myl'nikova for valuable advice on the problems involved in synthe 
sizing the specimens. 


Latvian State University & 
Riga Polytechnic Institute 
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INVESTIGATION OF THE EFFECT OF ISOMORPHOUS REPLACEMENT OF Ti IONS 
ON PHASE TRANSITIONS IN BaTi0g 
- V.D.Komarov & E.G.Fesenko 


In 1948 Vul & Goldman! investigated the dielectric properties of the nonferro- 
electric modification of BaTi03. At that time, its structure was considered to 
be rhombohedral. Burbank & Evans? prepared a single crystal of nonferroelectric 
BaTi03 and showed that its structure is hexagonal with a= 5.735 A and c = 14.05 A, 

For a long time, the conditions of formation of the hexagonal modification 
remained unclarified. It was assumed that it is formed when the initial components 
are pure, while the ferroelectric modification results when technical grade materi- 
als are used. 
) In our Institute, the nonferroelectric modification has been obtained in the 
process of crystallization of BaTi03 from melts in NagCOg and K2CO., using iron 
crucibles.? In addition to the nonferroelectric modification, there were also 
always formed in the same crucible ferroelectric crystals with the peak value of 
€ shifted to the side of lower temperature. These results can be explained by 
assuming that the Fe ions from the crucible material in the process of crystalliza- 
tion enter into the crystal and stabilize the hexagonal modification. 

Investigations of the BaTi03-BaFe03 system confirmed?»5 this assumption. In 
this system, in contrast to all previously investigated perovskite solid solutions, 
the hexagonal modification appears even at a low concentration of BaFe03 (about 2%). 
In this case, the hexagonal to perovskite transition temperature is lower than 
‘that given by the Ba0-Ti0o phase diagram (14609). In subsequent experiments the 
iron was introduced in the form of Fe903; essentially the same results were obtain- 
ed. 


The characteristic structural feature of the hexagonal modification is the 
Tio09 group, which consists of two oxygen octahedra with a common face, surround- 
ing the titanium ions. In this structure the Ti ions are closer than in the case 
of neighboring perovskite octahedra. According to crystal chemistry, this indi- 
cates a less stable structure. Replacement of the tetravalent Ti ion by a tri- 
valent Fe ion probably increases the stability of the hexagonal modification, for 
‘in this case, the electric forces between the Ba cations can be weaker. 

The above described effects of replacement of Ti by Fe ions stimulated our 
interest in other elements of the iron group (Co and Ni) and, subsequently, other 
trivalent ions. 

In order to investigate the influence of these elements, appropriately doped 
polycrystalline samples were prepared and subjected to x-ray diffraction analysis 
and dielectric measurements. 

Sample Preparation. The samples were prepared by thoroughly mixing (for 4 
hours) oxides of the introduced elements with powdered BaTi03, which was synthe- 
sized beforehand at 1280°, The samples were sintered, first at 1430°, then ground 
and sintered again at 13809. The inter-sintering grinding served to insure uniform 
‘distribution of the oxide and to prevent recrystallization. 

Effect of Co2* and Ni2*. The examination of these samples revealed that when 
‘the Ni2t content exceeds 2 mole percent (and the Co2+ content - 8 mole percent) 
the hexagonal modification is stabilized after sintering at 13809, The data ob- 
tained on the influence of Co and Ni are in qualitative agreement with the data 
for the BaTi03-BaFe03 system. With increase of the Co (or Ni) content the Curie 
point at first is lowered and, accordingly, the c/a ratio and the peak value of 

‘€ decrease (this was also reported by Sakudo®). When the Co (or Ni) content is 
increased further, the ferroelectric properties vanish owing to transition of the 
“material to the hexagonal modification. 
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Effect of Cr and Mn. The effects observed when the Ti ions are replaced by 
cr3+ ‘and Mn4 are almost the same as in the case of Co2+ or Ni2+, The difference: 
is that here the Curie point drop and the corresponding decrease of the c/a ratio 
are not observed. The stabilization of the hexagonal modification was observed — 
when the Cr and Mn content exceeded 2 mole percent. It is noteworthy that the Cr: 
and Mn ions produce essentially the same effect, although their valences and ioni! 
radii are different (Cr3+, Mn4*; Ro» = 0.64, Ryn 0.52). 

Effect of Lanthanides. In order to investigate the influence of the ionic 
radii of elements isomorphically replacing the Ti ions, we used rare earths, sinc: 
they are chemically similar while their ionic radii vary from 1.04 for La to 0.80) 
for Lu. The elements La, Ce, Pr, Nd, Sm, Gd, Tb, Er, Yb and Lu were introduced 
into BaTi03, replacing the titanium. From their x-ray diffraction patterns, we 
learned that the hexagonal modification is not formed (at sintering temperatures 
up to 1500°) in the samples containing the elements to the left of Gd, while in 
the samples containing Tb, Er, and Yb, the hexagonal modification is formed. In 
the € vs T curves for samples containing La, Ne and Ce, we observed the appearanc: 
of diffuse € maxima below the Curie temperature. X-ray diffraction patterns re- 
vealed that with increase of the rare earth concentration the tetragonality de- 
creases (c/a—» 1). Inasmuch as the stable equilibrium position for ions with radl 
larger than unity is the position with coordination number 12 (in the cubo-octa- 
hedral of the perovskite cell), the La, Ce and Nd ions occupy not the octahedral 
but the cubo-octahedral vacancies, as in the cases of Ce ions in loparite and in 
CeAl03 and of the La ions in LaCr03 in LaAl03. This is probably the reason for 
the different effect of the La, Ce and Nd ions on BaTi03, as compared with that 
of the other ions considered above. At present we are investigating the nature 
of the diffuse ¢€-peaks. 

Effect of Mo6t+, W6t, NeSt, Sb5t and V5t, All the trivalent ions investigatee 
stabilize the hexagonal modification when replacing the Ti. This can be explainee 
by the fact that when these ions replace Ti in the Tig09 group, the stability of 
the hexagonal modification increases. When the Ti ions are replaced by ions of 
higher valence, the stability of the hexagonal modification (at least in some 
cases) must decrease, i.e., the transition from the perovskite to the hexagonal 
modification is hindered. For this reason, we investigated the influence of the 
MoS+, w6+, Nb5+, Sb5+ and V5t ions (in quantities up to 10 mole percent). In all. 
cases, the hexagonal modification was not observed despite the high sintering 
temperature (1500°) employed. 

Altogether, we tested more than 20 elements of various radii and valences. 

It was established that when the titanium in BaTi03 is replaced by ions whose 
valence is less than four, the transition temperature from the perovskite to the 
hexagonal modification goes down and the stability of the hexagonal modification 
increases. If, on the other hand, the Ti is replaced by ions of valence higher 
than four, the hexagonal modification is not formed. 

We desire to thank S.N.Belyaev and 0.S.Prokopalo for valuable discussions. 
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SOME RESULTS OF AN INVESTIGATION OF THE PbO-Nb905-Nd903 SYSTEM 
- E.G. Smazhevskaya & N.A. Podol'ner 


One of the most promising ferroelectric materials for preparation of piezo- 
ceramic components capable of operating at elevated temperatures is lead metanio- 
bate (Curie point - 570°C). The properties of lead metaniobate have been investi- 
gated by a number of authors.1-9 

However, the metastability of the ferroelectric phase of PbNb90g at tempera- 
tures below 1250° and its appreciable "ferroelectric rigidity’ preclude use of 
this material for electromechanical transducers. 

With a view to exploring the possibilities of stabilizing the ferroelectric 
phase and reducing the "ferroelastance” of PbNb20g without substiantially lower- 
ing the Curie point, we investigated a number of systems consisting of lead meta- 
niobate and different metal oxides: Al903, Zr09, Ti0g, Lag03, Sm203, WOg3, Geg0g, 
Ero03, Yo03, Dy993 and Ndo503- The oxide concentrations in each system were 0.5 
and 1 mole percent. 

In view of the fact that a noticeable piezoelectric effect was detected in 
‘specimens containing neodymium trioxide, we decided to investigate this system in 
more detail. 

In order to determine the optimum neodymium trioxide concentration in PbNbo0¢ 
there were prepared and tested specimens containing 0.5, 1, 3, 4, 5, 7 and 10 mole 
percent Nd90g. For preparing the specimens appropriate amounts of PbO, Nbo05 and 
Ndg203 were thoroughly mixed, briquetted and roasted at temperatures to 1000°. The 
‘synthesized material was ground and the resultant powder compressed into disks 14- 
15 mm in diameter and 2-3 mm thick. The disk specimens were sintered under differ- 
ent conditions, the final temperature usually being of the order of 12509, After 
sintering the specimens were metallized and then polarized under appropriate con- 
ditions. 

Tests showed that specimens containing 0.5, 1 and 3 mole percent Nd903 in 
PbNb90g have an insignificant piezoelectric effect, while those containing 7 and 
10 mole percent exhibit no piezoelectric effect at all; the highest values of the 
piezoelectric constant d, were obtained for specimens containing 4 and 5 mole per- 
cent Ndo03. The properties of polarized specimens of 4% Nd903 + 96% PbNboIg are 


characterized by the following figures: 


d,,°108, cgse units € tan § Py ohm: cm Kee 
0.6 480 Tel 1.8°1012 0.12 


In investigating the temperature dependences of the dielectric constant €, 
the piezoelectric constant d,, and the dielectric loss tangent tan 8 (Figs.1 & 2) 
for the 4% Ndg03 + 96% PbNbo0g specimens it was found that these parameters are 
susceptible of measurement only up to a temperature of 200-2509.: With further 
increase of the temperature there was observed an avalanche-like increase of the 
dielectric loss and a sharp increase of the conductivity; the volume resistivity 
in the 200-300° temperature interval decreased by 3-5 orders of magnitude. 
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Fig.1. Temperature dependence of the dielectric constant ¢€ for lead metaniobate 
compositions with different amounts of Ndg03 (mole percent). The measurements 
were carried out on unpolarized specimens. 


It is reported in the literature!9-12 
that the conductivity of barium titanate and 
lead metaniobate has been successfully re- 
duced by doping these materials with lanthan— 
um (La3t) and lithium (Lit) and also by sin- 
tering the specimens in oxygen. In view of 
the fact that some lanthanum was present as 
an impurity in our Nd903, we carried out ex- 
periments on introduction of Lit into the 
PbO-Nb905-Nd903 system and sintering in oxy- 
gen. Judging from the preliminary results, 
doping with lithium and sintering in oxygen 


50, WO 0 200 50 3 do slow down the increase in conductivity at 
Fig.2. Temperature dependences of temperatures above 200°; 9, in the 200-250° 
ds,, tan & and € for 4% Nd903 + 96% temperature range decreases only one or two 
PbNbo0g. The measurements were orders of magnitude. 
carried out on polarized specimens. Preliminary x-ray diffraction studies of! 


PbO-Nb905 and PbO-Nbo905-Nd903, carried out at: 
our request by E.M.Mikhailova, showed the following. 

1. In a number of cases there were obtained multiphase specimens, the main 
phase of which was the compound 3Pb0*2Nb905, although the batch was formulaed for 
obtaining PbO-Nbo05. The compound 3Pb0°2Nb905 has a face-centered cubic lattice. 
In addition to 3Pb0*2Nb905, there were present in the multiphase specimens the 
non-ferroelectric rhombohedral phase PbO-Nbo05, and free oxide, Nbo05. 

2. Upon introduction of neodymium trioxide into lead metaniobate, i.e., in 
synthesis of the system PbO-Nb905-Nd903, there apparently forms a limited solid 
solution with a face-centered cubic lattice. The presence of Nd903 in the system 
aaa the phase composition in that it reduces the amount of nonferroelectric 
phase, 

3. In some cases after sintering of the specimens the structure changed: the | 
face-centered cubic lattice transformed to a rhombic one, i.e., the compound 3Pb0+ 
*2Nb205 was converted to 2Pb0+Nbo05. 

Accordingly, it was hypothesized that in the PbO-Nb205-Nd503 system, in addi- 
tion to lead metaniobate, there may form compounds of the PbO*Nd903 and Nd903° 
*Nb905 type. To check this, mixtures of PbO + Ndo0g and Ndo03 + Nbo05 were sub- 
jected to thermographic analysis. (The thermographic analyses were carried out 
at our request by I.A.Gai at the State Electric Ceramic Research Institute.) 

In the case of Ndg03 + Nbo0s there were not detected any thermal effects in 
the differential temperature curve or volume effects in the shrinkage curve indi- 
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cating the formation of a compound. In the case of PbO + Ndo03 the character of 
the shrinkage curve indicates that a chemical compound forms in the temperature 
range from 715 to 800° (Fig.3). On the basis of the thermographic data, we syn- 
thesized the compound PbO*Nd903 at a temperature of about 1000°. The resultant 
powder (specific gravity ~7.6 g/cm%) had the following chemical composition: 


Theoretical Actual com- 
Components A 
P composition ,% position, % 
PbO 40.0 37.6 
Ndo03 60.0 61.9 


The powder was grey-lilac 
939° in color; it dissolved 

readily in water, alcohol, 

acetone, benzene, metaxy- 
AT lene, carbon tetrachloride 
10,07°%o and silicone liquid No.5. 

Polycrystalline speci- 

686% mens of PbO*Nd903 were pre- 
WY pared by sintering at 1050°; 
we tested the specimens 
after poling in a 7 kv/mm 
field, but failed to de- 
tect any noticeable piezo- 
electric effect, and could 
not measure the dielectric 


constant. 
=234%0 
ae Conclusions 
Fig.3. Thermogram for PbO + Ndg03: I - temperature of 
standard specimen, II - differential temperature, III 1. We prepared and 
- variation in the weight of the specimen, IV - varia- investigated specimens of 
- tion in the dimensions of the specimen. the PbO-Nbo05-Nd903 system 


containing from 0.5 to 10 
mole percent Nd203. 
It was established that polycrystalline specimens containing 4-5 mole percent 
Nd903 have a piezoelectric constant d;, ~ 0.6+1076 egse units, a dielectric constant 
of the order of 500 and a Curie point above 450°. 
2. There apparently forms in the PbO-Nb205-Nd903 system a limited solid solu- 
tion with a face-centered cubic lattice, characteristic of the compound 3Pb0°2Nb905. 
; 3. We synthesized the compound PpO*Nd903, which as regards its properties is 
similar to the corresponding compound of ceriun. 
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CONCERNING THE INFLUENCE OF LOW CONCENTRATIONS OF VARIOUS ELEMENTS 


ON THE PROPERTIES OF (Pbo,57, Bao , 43) Nb206 SOLID SOLUTIONS 
- E.G.Smazhevskaya & V.I.Rivkin 


As a result of research on the preparation and properties of polycrystalline 
lead and barium metaniobate solid solutions it was established that, all other 
technological factors being the same, the piezoelectric characteristics of the 
solid solution specimens vary appreciably depending on the quality of the techni- 
cal grade niobium pentoxide employed in their preparation. Thus, for example, 
for (Pho, gBa9,4)Nbo90g the values of the dielectric constant € fluctuated from 700 
to 2000, and the values of the piezoelectric coefficient d;, from 0.5 to 3.0-10-6 
cgse units. Chemical analyses of 11 different lots of technical niobium pentoxide 
showed that the impurity concentrations varied in the following ranges (element 
equivalent by weight): Ti4t from 0.06 to 0.6%, Si4+ from 0.06 to 0.12%, Fe3+ from 
0.08 to 0.4%, F~ from 0.1 to 0.25%, Ta5* from 0.15 to 0.9%, Nat from 0.03 to 0.3% 
and Kt from 0.13 to 1.8%. 

In view of the above, it was hypothesized that the properties of (Pb,Ba)Nbo0g 
piezoelectric ceramics may depend to a great extent on the concentrations of dif- 
ferent elements contained in technical Nb905. The purpose of the present work was 
to investigate the influence of each of these elements separately on the piezoelec- 
tric properties of (Pb,Ba)Nbo90g solid solutions. 

For purposes of the investigation we chose the (Pbo,57,Bap,43)Nb20g solid solu 
tion which is characterized by optimum piezoelectric properties and has a Curie 
temperature of ~250°. For preparation of the specimens we used reagent grade BaC0q 
and PbO and chemically pure Nbo0s5 (total impurities < 0.4%). The various elements 
encountered in technical grade niobium pentoxide were introduced into the chemical- 
ly pure Nb205 in the form of oxides or salts in the concentrations indicated in 
the accompanying table (the percentages are referred to Nb905). 

The maximum concentrations of the introduced elements did not in general ex- 
ceed the amount of the element present in technical grade Nbo05. After mixing 
and briquetting, all the compositions were synthesized simultaneously by heating 
for one hour at 1000°. Then lots of compressed specimens including representa- 
tives of all compositions (including a control composition free of introduced im- 
purities) were sintered at different final temperatures ranging from 1260 to 13209. 
After grinding to the same thickness (1.5 mm) and applying electrodes, the speci- 
mens were poled under the following conditions: field strength 1.3 kv/mm, heating 
for 2 hours to 180° and holding for 1 hour at this temperature, cooling for 1.5 
hours with gradual increase of the field to 2.5 kv/mm. Three days after polariza-— 


tion we measured the principal dielectric and piezoelectric characteristics, 
namely, €, tan 8, ds;, and k,. 
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Variation of the properties of (Pbo,57,Ba9,43)Nb90g solid solution with the 
concentration of different elements artificially introduced into the 
chemically pure niobium pentoxide 
(The listed values are averages for three specimens) 


6 
Taye oe al On| age Lo Sinter— 
Comp. Introduced Eon a 8 GPs cgse units lies ine = 
eT an - 
no. eterewy % wt. |aotsec fa0tboc | 208°C ‘SOP: 
4 {Control experiments 4170 0,60 8 0,28 ) 
2 | Titt (in Ti0s) 0,05 1140 | 0,50 1,74 | 0,24 
3 0,4 1140 | 0,45 4,74 | 0,25 
4 0/5 1350 | 0,40 1,87 | 0,26 
5 1,0 1450 | 0,38 1,40 | 0,20 
6 | Ta5+ (in Ta20s) 0,05 | 4100 | 0,42 1,74 | 0,25 
7 04 1070 | 0,46 0,61 | 0,25 
8 0/5 970 | 0,64 1,47 | 0,23 
9 1,0 1000 | 0,46 4:51 | 0,24 
4320 
10 | Nat (B NagCOs) 0,04 1240 | 0,60 2,20 | 0,32 
‘1 0,05 | 4250 | 0,63 2°99 | 0°32 
12 0,4 4230 | 0,73 2:10 | 0,30 
13 015 1250 | 41,07 1:60 | 0,24 
14 | K+ (nK2COs) 0,05 | 4250 | 0,73 2,16 {0,30 
15 0.4 4350 | 0,95 Dose 0,02 
16 0/5 4280 | 1,19 1:86 | 0,27 
17 110 750 | 1,40 1720 10,21 |) 
48 {Control experiments 1040 0,70 4,38 0,25 ) 
19 | Fe8+ (inFe20s) 0,05 1000 | 0,45 1,33 024 
20 0,4 4100 | 0.45 151 | 0,26 
24 0,3 1180 | 0,50 4°72 | 0,28 
22 0,5 4280 | 0,50 A £64 |10,28 
23 | Sit* (nSi0.) 0,01 930 | 0,50 127) (0,23 
24 0,05 790 | 0,60 1141 | 0,24 |$ 1300 
25 0.4 830 | 0,60 4:26 | 0,24 
; 26 072 730 | 0,70 iS Xiao 
C 97 | F- (in BaFs) 0,05 1100 | 0,70 ay ha 
28 011 1100 | 0,50 1:43 | 0,25 
29 055 1070 | 0352 142 10.24 |) 


It was found that the values of 
€, ds, and k, of specimens of the same 
composition depended to some extent 
on the final sintering temperature. 
There was, however, observed a con- 
sistent characteristic variation of 
the dielectric and piezoelectric para~ 
meters as a function of the concentra-~ 


d,,"1 cése units 
24 


Fig.1. Variation of the piezoelectric 
coefficient d;, of (Pbo,57,Bap, 43) Nb206 
piezoceramic specimens as a function 
of the concentration of artificially 
introduced elements. The upper group 
of curves pertain to specimens sinter- 
ed at 13209; the lower group to speci- 
mens sintered at 1300°. 
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tion of the impurity elements; ex- 
cept for some increase with increas- | 
ing Nat and K+ concentration, tan § 
virtually did not change (see table 
and Figs.1 & 2). 

On the basis of our experimental | 
results we arrived at the following 
conclusions. The piezoelectric pro- 
perties of polycrystalline (Pbo,57, 
Bay 43) Nbo0g solid solution depend 
to a great extent on the presence 
and concentration of certain elements: 
that are naturally present in techni-: 
cal grade niobium pentoxide. 

si4+ and Ta5t+t within the range 
of investigated concentrations signi--» 


g2 a4 06 ve \0C% icantly reduce €, d;, and k,. Intro-- 
Fig.2. Variation of the dielectric constant duction of Ti4+ and Fe3+ leads to 
€ of (Pb0,57,Bap, 43)Nbo0g piezoceramic increase of €. Up toa Ti** concen- 
specimens as a function of the concentra- tration of 0.5% the piezoelectric 
tion of artificially introduced elements. coefficient d,, remains virtually con-: 


The upper group of curves pertain to speci- stant, but then with further increase: 
mens sintered at 13209; the lower group to of the Ti4+ concentration it falls 
specimens sintered at 1300°. off rapidly. With increase of the 
Fe3* concentration to 0.3% d;, increas-+ 
es on the average by 20%. Introduction of F~ in concentrations up to 0.5% has 
virtually no effect on €, d;, and k,. 

The presence of Nat and K* ions in Nbg0, in amounts exceeding 0.5% is highly 
undesirable inasmuch as this results in a sharp decrease of d;, and k,, and to 
significant increase of tan 6. On the other hand, the introduction of minor (up 
to 0.1%) amounts of Nat and Kt is beneficial in that it increases d,, (on the aver- 
age by 25%) and k, (on the average by 15%). 

It is impossible to assure reproducibility of the piezoelectric properties 
of specimens in preparing these of different lots of technical grade Nbo905, even 
when these differ almost insignificantly as regards chemical composition. 

It must be noted that if one used spectroscopically pure niobium pentoxide 
or if one simultaneously introduced several elements in different combinations 
and proportions, the above described impurity dependences of the dielectric and 
piezoelectric properties of (Pb,Ba)Nb90g ceramic might prove to be significantly 
different; hence it is highly desirable to undertake further comprehensive studies 
utilizing x-ray diffraction, spectrographic and other research techniques. 
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SOME ANOMALOUS PROPERTIES OF CHEMICALLY PURE BARIUM TITANATE CERAMIC 
- A.A. Anan'eva, M.A.Ugryumova & B.V.Strizhkov 


The present work was devoted to investigation of the properties of very pure 
barium titanate ceramic. Since impurities commonly present in technical grade 
barium titanate may influence its physical and electrical properties, it is of 
interest to study the properties of pure barium titanate ceramic. Employing the 
procedure developed by Clabaugh et all for synthesizing barium titanate powder, 
we prepared barium titanate ceramic of high purity, studied its properties and 
then compared them with the properties of commercial ceramic. 

The initial materials were titanium tetrachloride, chemically pure barium 
chloride and chemically pure oxalic acid. The reaction resulting in the formation 
of barium titanyl oxalate tetrahydrate is described by 


BaCl,-2H,0 + TiCl, + 2H2C204-2H20 > BaTiO (Cs0,4)2-4H,O ++ 6HCI + H,0. 


Upon heating, the barium titanyl oxalate is decomposed and barium titanate is formed: 


BaTiO (C,04)2-4H20 — BaTiOs - 2COg + 4H.20. 


Thermograms of the process indicated that the decomposition goes to completion and 
barium titanate forms at a temperature of 790°C. 

This process yields highly pure barium titanate. Spectroscopic analysis showed 
that the barium titanate powder obtained is free of impurities. 

It is known that four different titanates may form in the Ba0-Ti0g system and 
that only barium metatitanate in the tetragonal modification has ferroelectric 
‘properties. Chemical analysis of the barium titanate powder showed that the molar 
ratio of barium oxide to titanium dioxide is unity, which corresponds to the compo- 
sition of barium metatitanate. X-ray diffraction patterns indicated that the above- 
described synthesis procedure yields only chemically pure barium metatitanate with 
tetragonal structure at room temperature. 

We investigated the variation of the dielectric constant € of pure barium tita- 
‘nate with the sintering temperature of the ceramic. Specimens prepared from barium 
titanate powder, obtained by the procedure described above, were sintered at various 

temperatures from 900° to 1450°. Above 1450° barium metatitanate transforms to the 
nonferroelectric hexagonal modification2,3; in view of this 1450° was the highest 
sintering temperature used. The holding time at heat was the same in all cases: 
30 min. The dielectric constants were measured at room temperature on a VM-2 bridge. 

As will be evident from Fig.1, in the range of sintering temperatures from 
1170° to 1290°, € of the chemically pure ceramic 
attains anomalously high values with a maximum 
of 6000 at 1240°. At sintering temperatures 
above 1300° a stable value of 2300 is obtained. 
Fig.1 also shows the sintering temperature de- 
pendence of € for specimens of ordinary techni- 
cal barium titanate ceramic. It will be seen 
that no anomalous increase of € is observed for 
technical ceramic in the interval from 1170° to 

0 1290°, and that the usual stable value of € = 
: Ee or = 1200 is substantially lower than the corre- 
Fig.l. Variation of the dielectric sponding value for chemically pure ceramic (2300) 
constant € with sintering tempera- for sintering temperatures above 1300°. 
ture for specimens of barium tita- We also investigated the influence of the 
nate ceramic: 1) chemically pure, holding time at different sintering temperatures 
and 2) technical grade. on the dielectric constant of the pure ceramic. 
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It is interesting to note that for tem~ 
peratures from 1170° to 1290° the values of 
€ of chemically pure ceramic vary with the . 
sintering time. Thus, for example, as shown 
in Fig.2, with increase of the holding time 
at 1270° the value of € at room temperature 
decreases; for a duration of 40 hours it 
drops almost to the value of € for specimens 
sintered at 1300° to 14509, On the other 
hand, with increase of the sintering time at 
1350° there occurs only an insignificant de- 
crease of € (approximately by a factor of 
1.1). The dielectric constant of ordinary 
ceramic does not vary with the sintering time: 
at 1350° (curve 3 in Fig.2). 

The specimens sintered at temperatures 
of 1240°, 1270° and 1350° had tetragonal structure at room temperature. However, 
the degree of tetragonality in these specimens has not yet been determined. Proba- 
bly it varies with the sintering temperature, which may partially explain the ob- 
served dependence of € on sintering temperature. 

In investigating the effect of sintering temperature on the properties of 
chemically pure barium titanate specimens, we also determined, by the usual pro- 
cedures, their apparent density, surface porosity, and water absorption. The ap- 
parent density was determined not only in distilled water, but also in carbon 
tetrachloride. The variation of these quantities is shown in Fig.3. Pronounced 
variations in density, porosity and water absorption are observed for sintering 
temperatures up to 12409. At a sintering temperature of 1240° the density reaches | 
its maximum value of 5.94 g/em® and remains at this level with further increase 
of the sintering temperature. The surface porosity and water absorption drop 
close to zero at the same sintering temperature. In the case of porous specimens 
the two different methods of measuring density result in values that differ by 
about 10%. This is explained by the different penetrating abilities of Hj0 and 
CCl4. Complete agreement of the density determinations is obtained for specimens 
with maximum density. 


Fig.2. Variation of the dielectric 
constant with duration of sinter- 
ing: 1) chemically pure BaTiO, 
sintered at 12709, 2) chemically 
pure BaTi03 sintered at 1350°, 3) 
technical BaTi03 sintered at 1350°. 
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Fig.3. Variation of specimen density 
©, porosity B and water absorbing 
capacity W with sintering tempera- 
ture: 1) p of chemically pure ceramic 
measured in distilled water (a) and 
in carbon tetrachloride (b); 2) p of 
technical ceramic; 3) B of chemically 
pure ceramic; 4) W of chemically pure 
ceramic, 


The maximum value of the density of 
chemically pure barium titanate (5.94 g/cm3) 
is close to the x-ray density of 6.017 g/cm’ 
(Refs.4 & 5), differing from the latter by 
only 1.5%. The maximum density of ordinary 
technical grade ceramic, 5.4 g/em, differs. 
from the x-ray density by 10% and is con- 
siderably lower than the maximum density 
of chemically pure ceramic. . 

The sintering temperature of the speci- 
mens affects the character of the ceramic 
structure. The variation of grain size 
with the sintering temperature can be seen 
in Fig.4. The structure with the finest 
grain is obtained at a sintering temperature 
of 12409. With increase in temperature fron 
1240° to 1300° the grain size increases ap- 
preciably. Further increases of the sinter 
ing temperature does not result in any no- 
ticeable change in grain size. 
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aa Fig.4. Micrographs of BaTi0g 

% ceramic:a,b,c & d) chemically 
pure ceramic sintered at 1240, 
1270, 1300 & 1350°, respec- 
tively; d) technical ceramic 
sintered at 1350°. Mag. 50 X. 


As pointed out, the value of € at room temperature for polycrystalline chemi- 
cally pure barium titanate changes considerably with increase of the sintering 
temperature. It is entirely possible that the grain size of the ceramic speci- 
mens affects the value of €. Specimens of chemically pure barium titanate sinter- 
ed at 1240° have the maximum value of € (6000) and also exhibit the finest grain 


structure. With an increase of sintering temperature, the grain size increases 


while the value of € decreases. 

Fig.4 also includes a photograph of a microsection of technical grade barium 
titanate ceramic sintered at 1350°. The technical ceramic has a large number of 
pores, uniformly distributed among the comparatively fine grains. The large num- 
ber of pores in technical ceramic, as compared to chemically pure ceramic, reduces 


_ the relative density of the material. 
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DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF CHEMICALLY PURE 
BARIUM TITANATE CERAMIC 
- A,A,Anan'eva, B.V.Strizhkov & M.A, Ugryumova 


The electrical and physical properties of barium titanate depend ue a large 
extent on heat treatment of the material, as Novosil'tsev and Khodakov’ demon- 


strated for barium titanate single crystals and as we 
specimens of chemically pure barium titanate. 


showed for polycrystalline 
As a result of preliminary heating, 


the crystal structure of barium titanate at room temperature changes in single 
crystals; it does not change in polycrystalline barium titanate, but the structure: 
of ceramic specimens varies appreciably. 

The present work was devoted to the study of the dielectric, elastic, and 
piezoelectric properties of chemically pure barium titanate ceramic. 


Dielectric Properties 


The temperature dependences of the dielectric constant € and of the dielec- 
tric loss tangent tan § were measured for specimens of chemically pure barium 
titanate ceramic* sintered at 1180°, 1240°, 1270° and 1400°C, as well as for speci- 
mens of technical grade ceramic fired at 1380°. 


-4 0 44] 80 120 160 
£,°C 
Fig.1. Temperature dependence 
of € for specimens of barium 
titanate ceramic: 1,2,3 & 4) 
chemically pure ceramic sinter- 
ed at 1180°, 12409, 1270° and 
1400°, respectively; 5) techni- 
cal ceramic sintered at 1380°. 


The temperature dependence of the dielectric: 
constant of barium titanate ceramic is strongly 
affected by the sintering temperature, as will 
be evident from Fig.1. Only chemically pure bari-: 
um titanate ceramic sintered at 1400° has a tem- 
perature dependence of € similar to that of tech-. 
nical ceramic. In all other cases anomalous val-- 
ues of € are evinced in the entire temperature 
range from 20° to 130°C with a minor increase at 
the Curie points. 

Table 1 gives the values of the dielectric 
constants et and ef at the first (high tempera- 
ture) and second (low temperature) transition 
points, as well as the minimum values of the di- 
electric constant €). 

It is interesting to note that in comparison. 
with technical ceramic both phase transitions in 
chemically pure ceramic are shifted to the side 
of higher temperatures. The shift of the high 
temperature transition (9°) is most noticeable 
for specimens sintered at 1400°, whereas the shift 
of the low-temperature transition is greatest for 
specimens sintered at temperatures between 1180° 
and 1270°. 

The temperature dependence of tan § for 


specimens sintered at 1180° to 1270°, differs substantially from the dependence 


for specimens sintered at 1400°,. 
perature is observed, while in the second case tan 8 increases. 
lar to the temperature dependence of tan § for technical ceramic, 


It will be evident from Table 2 that specimens sintered at temperatures from 
1180° to 12702 in addition to anomalously high values of ¢€, have rather high 


2 SS SY NOS RS SO Se ee SS nt SE SD SOS Se Se fe 


*The procedure for preparing ceramic specimens of chemically pure barium 
titanate is described in Refs.2 and 3. 


In the first case a decrease in tan § with tem- | 
The last is simi- 
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Table 1 
Se ee 1 2 |Temp. of {|Temp. of 
‘ge oe et Fiedlwace Shen leit Ist’ phase End phase 
Dey Eo Eq eo} Cer oeecne 
4180 4500 | 3750 | 8100 | 1,45 | 1,21 126 25 
4240 8600 | 7300 | 5900 | 1,45 | 1,23 130 23 
4270 8300 | 6400 | 5000 | 1,66 | 1,28 WAT 20 
1400 10300 | 2400 | 1750 | 5,95 | 4,37 132 42 
Technical 7400 | 1900 | 1200 } 6,16 | 1,58 123 0 
ceramic, 1880° 
Table 2 values of tan & at room temperature. Presumbaly 
Tae this can be explained to a degree by the fact that 
ek on tan 6. tan_6,, in these ceramics the second (low temperature) 
Sn at 20 at £0 phase transition occurs at about room temperature. 
1480 0,059 0,03 In contrast, specimens sintered at 14009 exhibit 
1240 0,081 0,056 low values of tan 8 in the range of room tempera- 
41400 0,01 0,028 = 
Technical 0,02 0,08 We also determined the temperature variations 


ceramic, 138 


00 «120 *4,°C 


Fig.2. Temperature depend- 

ence of the dielectric con- 

stant for polarized (1) and 

unpolarized (2) specimens 

of coarse-grained chemical- 

ly pure barium titanate 
ceramic. 


of € and tan § for a specimen roasted at 1270° for 

a period of 40 hours. The dependences are similar 

to those for specimens sintered at 1400° for 30 min. 

It is interesting to note that a substantial in- 

crease of € (by a factor of ¢1.6) occurs as a result 
of polarization of the specimens. The increase in € 
is most noticeable in specimens which were sintered 
for a long period of time or were sintered briefly 
at high temperatures, i.e., for coarse-grained ceram- 
ic (Fig.2). For coarse-grained chemically pure cer- 
amic there is also a large difference as regards the 
values of tan 8 between polarized and unpolarized 
specimens. 


Elastic and piezoelectric properties 


The velocity of sound C in specimens of chemi- 
cally pure barium titanate ceramic sintered at tem- 
peratures ranging from 1160° to 1450° was determined 
on the basis of the radial oscillations of poled 
discs. 

As Fig.3 shows, chemically pure ceramic sinter- 
ed at temperatures under 1250° has low values of C. 
Thus for specimens sintered at 1170°, the velocity 
of sound is 1.8 times lower than for specimens 

sintered at temperatures above 1300°, For chemi- 
cally pure ceramic specimens sintered at tempera- 

tures ranging from 13009 to 14509, the velocity 

of sound remains virtually constant at an average 
value of 4.6°10°9 cm/sec. Consequently, for speci- 
mens sintered at these temperatures for a period 


<Fig.3. Velocity of sound C in specimens of 
chemically pure barium titanate ceramic vs 
sintering temperature. 
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of 30 minutes and having a density of 5.9 g/om’, 
Young's modulus is equal to 1.25-1012 dynes/cm2. 
According to published data’ Young's modulus for 
technical ceramic is 1.05-10 2 dynes/cm2 at a densi-— 
ty of 5.3 g/cm? 

Measurements of the piezoelectric coefficient 
ds, were carried out dynamically on thin discs vibrati 
ing in the radial mode. The value of d;, for speci- 
mens sintered for a period of 30 min at temperatures: 
ranging from 1300 to 1450° remains practically con- 
stant at 2.4-107© cgse units. 


6 
4;,0, c8se units 


1150 1200 1300 1400 tC As may be seen in Fig.4, the value of d;, for 
ceramic made of chemically pure barium titanate is 
Fig.4. Piezoelectric coef- 1.5 times higher than the value for technical barium 
ficient d,, of chemically titanate ceramic. Chemically pure specimens sinter-- 


pure barium titanate ceram- ed at temperatures below 1250° yielded very high 
ic vs sintering temperature. values of d;,;. Thus for example, for a specimen sin-- 
tered at 1170° d,, attained a value of the order of 
5-1076 cgse units. However, these high values of d;, should be not regarded as 
truly representative, particularly since the piezoelectric coefficient of speci- 
mens not kept under controlled temperature conditions decreases with time. This 
can be explained by the fact that such specimens may remain for an extended periodi 
at or near their transition temperature (room temperature), and hence undergo sponi 
taneous polymorphous transformations accompanied by depolarization. It may be tha: 
specimens with a Curie point in the room temperature range can find practical ap- 
plications only under conditions providing for continuous polarization. 
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EFFECT OF DOPING WITH CHROMIC OXIDE ON SOME DIELECTRIC AND 
PIEZOELECTRIC PROPERTIES OF BARIUM TITANATE 
- L.N.Kamysheva 


It follows from the work of Meisinger! that the presence of 1% chromic oxide 
in barium titanate increases the dielectric loss. On the other hand, it is known2 
that small amounts of chromic oxide reduce the loss tangent in BaTi0g and other 
materials used for the preparation of capacitor ceramics. 

The present work was undertaken to determine the influence of Cr903 not only 
on the dielectric but also on the piezoelectric properties of barium titanate. 

We investigated polycrystalline specimens of BaTi03 prepared by the usual ceramic 

technology of reagent grade and chemically pure initial materials with 0.1 to 8 

mole percent Cro03 deliberately added. 
: The temperature dependences of the di- 


ee electric constants for some compositions are 
| shown in Fig.1. It will be seen that only 
| a0g 0.1% Cro03 increases the dielectric constant 
| at the € peak to about 11 000. Higher con- 
4 700 centrations of Cro03 reduce € at the Curie 


48000 


point (Fig.2) as well as at all other tempera- 
tures. 

As will be evident from Figs.3 & 4, low 
Cro03 concentrations (but not 0.1 mole per- 


(e cent!) reduce the loss ae te Whereas for 
- pure BaTiO. tan 8 = 1.7°107, upon the intro- 
Aa 7) Sic duction of 0.3-0.5% Cro903 tan 8 drops to 
; 3-7-1073 and then beginning with 1% Cro03 
Fig.1. Temperature dependence of increases appreciably. 
the dielectric constant of barium We determined the temperature dependence 
titanate doped with different of the piezoelectric coefficient d;, and also 
amounts of Cro03 (indicated in mole measured the coefficient dss by the static 
percent at the curves), recorded procedure (Figs.5 & 6). As will be evident 
“in weak fields at a frequency of from the curves the piezoelectric coefficients 
a ke. dz, and dss are slightly higher than the corre- 
sponding values for pure BaTi0s3 only in the 
Ey case of 0.1% chromic oxide, i.e., only with the amount 
11000 of doping resulting in some increase of € at its peak 


and room temperatures. 
It must be noted that the introduction of chromic 


Sh oxide into barium titanate impairs sintering of the 
ceramic, increases the porosity and causes the speci- 
5000 1 2 3 4% CroO mens to darken, probably, owing to reduction of the 
; 4 titanium or chromium in the process of roasting. 
Fig.2. Variation of the di- On the basis of the data for the loss tangent, 


electric constant of barium the dielectric constant and the piezoelectric coef- 
titanate at the Curie point ficients it may be inferred that only compositions 
with the introduced Cr903 with 0.3 to 0.5 mole percent Crg03 are of practical 
concentration. interest, inasmuch as their dielectric and piezoelec-~ 
tric properties are similar to those of pure BaTi03, 
while the loss is only about half that in pure BaTi03. 
: We calculated the values of the spontaneous polarization Pg from the hystere- 
‘sis loops recorded at room temperature with a field amplitude of 17 kv/em (Fig.7), 


and obtained the following values: 


+. We 
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Lin md. Gms PEE 1 2 3 % C20, 
Fig.3 Fig.4 
Fig.3. Frequency dependence of tan 6 for barium titanate doped with different 
amounts (indicated in mole percent at the curves) of Cr203 in weak fields. 
Fig.4. Variation of tan 8 of barium titanate with the introduced Cr203 
concentration; f = 1.5 Mc, T = 20°. 


b 
a,,-10, cése units “5 
Te Ss ay,', cése units 


6 


f 10 20 30 40%oCt0, 


ili i aamear ty p 40 7. oor  Fig-6. Variation of dss at 20° 


with the Crg03 concentration. 
Fig.5. Temperature dependence of the piezoelec- 


tric coefficient d;, of barium titanate doped with 
different amounts (indicated in mole percent by the figures at the curves) of Cro90I 


¢Fig.7. Hysteresis loops 
recorded at room tempera— 
ture for barium titanate 
specimens doped with dif- 
ferent amounts of Cr,0.: 
a) 0, b) 0.1, ¢) 1.038 
2.0, e) 4.0, £) 8.0 mole 

percent. 
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Cro03 content in 
‘ mole percent 0 0.1 0.3 0.5 1.0 2.0 4.0 8.0 


P,*10°, coul/em? 9.23 10.80 10.50 9,16 4.53 4.84 5.64 7.12 


Introduction of up to 0.1% chromic oxide into barium titanate increases Pe 
somewhat; this increase of Pg may explain the observed increase of €, ds, and ds3 
over the values for pure BaTiO, (bearing in mind that the polarizability of the 
trivalent Cr ion is somewhat greater than the polarizability of the tetravalent 
Ti ion). 

While definitive deductions must await completion of x-ray diffraction studies, 
which are now in progress, recalling that the radius of the trivalent Cr ion is 
equal to the radius of the tetravalent Ti ion and taking into account the fact 
that the coordination number of Cr is generally 6, it can tentatively be assumed 
that substitutional solid solutions may form in the BaTi03-Cr203 system only in 
avery restricted range of Cro903 concentrations. The introduction of more than 
1 or 2% chromic oxide noticeably impairs the ferroelectric properties of the sys- 
tem and probably results in alteration of the structure of barium titanate itself. 


I desire to express my deep gratitude to I.P.Kozlobaev for guidance in the 
work. 


Voronezh State University 
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INVESTIGATION OF THE EFFECT OF DOPING WITH CHROMIUM AND BISMUTH OXIDES ON THE 


DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF POLYCRYSTALLINE BARIUM TITANATE 
- V.1.Moskalev & S.S.Ordan'yan 


The aim of the present work was search for new piezoelectric materials with 
an enhanced temperature stability by doping barium titanate with bismuth and 
chromium oxides. 

For synthesis of the specimens we used technical grade materials except for 
the bismuth and chromium oxides which were chemically pure and reagent grade pure,, 
respectively. The specimens were prepared by the usual ceramic technology with 
the impurity oxides introduced into the initial batch. The preliminary firing of 
the barium titanate with the added bismuth and chromium oxides was carried out at 
1220-1340° for 2 hours; the final sintering - at 1280 to 13409 with a holding time 
of 2-3 hours. 

All the specimens had virtually zero surface porosity. They were polarized 
by the "hot" procedure in air at temperatures close to the Curie point. Depending: 
on the composition, a polarizing field of from 8 to 15 kv/cm was applied for a 
period of from 15 to 60 min. 

The dielectric constants and loss tangents were measured on a Tesla bridge 
with f = 1 ke and E = 40 v/em. The values of the piezoelectric coefficient were 
determined by the method of resonance and antiresonance. For determination of the 
loss in high fields the specimens were ground down on one side to a thickness of 
0.3 mm. These measurements were carried out at a frequency of 10 ke on a Tesla 
bridge. 

In order to reduce the influence of heating of the specimen to a minimum we 
employed continuous air cooling and cut off the voltage on the specimen for some 
time after each measurement. 

The results obtained for barium titanate doped with chromic oxide are shown 
in Table 1. (The chromium was introduced in the form of Cro03°3Ti0g on the assump 
tion, by analogy with Big03°3Ti09, that this compound exists.) 


Table 1 
1 l 6 
Composition, wt.% T.,00) = ats) fat ppecond. —_|sa* 10 egse 
‘ “a 
Cc 26-¢ temp., eve, SIS at 
BaTiO3 : 120 8000 1550 45 4,9 
99 ,4% BaTiOg—0,6%Cr.03-3TiOg) 120 8000 1100 10 13 
98,3% BaTiOg—1,7%Cr203-3TiOg| 125 6000 800 0 0,9 
96,5% BaTiOg—3,5%Cr203-3TiO,| 125 2200 450 —30 — 


As will be evident from the table, the temperature of the second (low tempera 
ture) phase transition monotonically decreases with increase of the chromic oxide 
concentration; apparently solid solutions form in this range of concentrations. | 

Skanavi et al! and Baldwin2 investigated the dielectric properties of solid 
solutions in the barium titanate-bismuth titanate system. Our results in general 
agree with the data reported by these authors. | 

Investigation of the piezoelectric properties of solid solutions in the 
BaTi03-Bio203°3Ti0g and BaTi03-Big03° 3Ti05-Cro03*3Tidg systems in the region of 
low bismuth and chromium titanate concentrations showed that the introduction of : 
Bi ions or Bi and Cr ions simultaneously into barium titanate leads to an appreci- 
able improvement of the temperature stability of the piezoelectric parameters. 


The temperature dependences of the dielectric constant ¢€ f 
or the c 
(all indicated percentages are by weight): onposi ta 
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I, 95% BaTi0g + 5% Big03-2Ti05% 
TI. 96.4% BaTi0g + 0.6% Crg03°3Ti0g + 3% Bip03°3T105, and 
TIT, 94.4% BaTi0g + 0.6% Crp03*3Ti0g + 5% Bin03*2Ti0, 


show no evidence of a low temperature phase transition (no second ¢€ peak) down to 
-80°. The dielectric constant (€ +900) varies very little (5-10%) in the tempera- 
ture range from -80 to +50°C, The temperature dependences of tan 8 (in weak 
fields) are nearly straight lines lying at ~3% in the range from -80 to +100°. 


a Fig.l. Variation of the 
pee , resonance frequency devia- 


| 6 4 tion with temperature for 
‘ specimens of different 
| at : : compositions: 1) BaTi0g, 
) 2) 94% BaTi0g + 6% CaTi0s, 
% v6 3) 95% BaTi0g + 5% Big0s: 
: ise 2 74 aos °2Ti09, 4) 96.4% BaTi0g + 


/ 
eae + 0.6% Cro03°3Ti0g + 3% 
_— ce ae Big03°3Ti0g, 5) 94.4% 
a Leet cond ei Ny ee ee, os BaTi0g + 0.6% Cr903°3Ti0, + 
—F + 5% Big03° 2Ti0g. 


L =2 


The temperature depend- 
-4 ences of the piezoelectric 
parameters for compositions 
2 I, II, III, pure" technical 
a BaTi0g3, and 94% BaTi0g + 6% 
CaTi03 solid solution are 
“8 shown in Figs.1 & 2. Compo- 
Sitions I, II and III exhibit 
an extremely weak temperature 
dependence of the resonance frequency. 
The frequency deviation in the tempera- 
ture range from -50 to +50° does not 
exceed 3-5% for the worst composition 
(II) , while for the other two it 
amounts to only a small fraction of 
a percent (as in the case of niobates). 
A shortcoming of these compositions 
is the low value of the parameter d;,/€ 
(characterizing the sensitivity) , which 


<Fig.2. Temperature dependences of 
the piezoelectric parameters (ds,*Ey) 2 
and d,,/€ for specimens of different 
compositions (curve-composition 
designations same as in Fig.1). 


*Tests show that it makes virtu- 
ally no difference whether the bismuth 
oxide is introduced in the form of 
Big03° 2TI09 or in the form of Bi90.° 
*3Ti0g. 


¥N, 
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is explained by the relatively low value of the piezoelectric coefficient ((0.7- 
0.8)*107© cgse units). On the other hand, a positive feature of tel te composition 
as compared with 94% BaTi03 + 6% CaTi0g stabilized ceramic is the high value of 
the parameter (dsyEy) 7, characterizing the specific acoustic power, which is 2-3 
times higher than for the calcium-containing ceramic. The high value of the par? 
meter (ds,* Ey) 2 is due to increase of Young's modulus as a result of introduction 
of the additives which leads to increase of the apparent density of the ceramic 
(to ~5.8 g/cem3 from 5.5 g/cm? for BaTi03)- 

It follows from a comparison of the ac field dependences of tan & for BaTi03, 
and the compositions I, II and III (Fig.3) that doping with bismuth oxide results: 
in decrease of the loss in strong fields. On the other hand, comparison of the 
curves for compositions I and III shows that the introduction of chromic oxide in}! 
small amounts leads to increase of the loss in strong fields. 

Tests on the specimens showed that the addition of bismuth oxide to barium 
titanate results in increase of the mechanical strength. Thus whereas for BaTi03; 
ceramic the ultimate compressive strength is ~3000 kg/cm2, for composition I the 
ultimate strength is ~5000 kg/cm?; the bending strength increases from 600 to 800} 


kg/em2. 
tan 6 


Conclusions 


The investigation 
showed that doping of 
barium titanate with bis-- 
muth oxide (or bismuth 
and chromium oxides simul! 
taneously) results in a 
significant improvement 
of the temperature stabil! 
ty of the dielectric pieze 
electric parameters, par-- 
ticularly €, freg and 
(d3Ey)2. The value of 
the last parameter, despii 
some decrease of the piezi 
electric coefficient is 
still 2-3 times higher thi 


5 6 Ekv/em for 94% BaTi03g + 6% CaTi0! 
Fig.3. Variation of tan 5 with E. for different speci- ceramic. Moreover, the 
mens (curve designations as in Fig.l). introduction of small 


amounts of bismuth oxide 
substantially reduces tan 8 in strong fields. 

Thus it is probably expedient to use the investigated compositions for the 
fabrication of electromechanical transducers, particlarly for use in equipment 
where forced cooling is impossible and good temperature stability of the piezo- 
electric parameters is essential. 
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SOME FEATURES OF PULSE SWITCHING OF FERROELECTRIC CRYSTALS 
- L.A. Shuvalov 


Considerable interest has been evinced recently in investigation of the pro- 
cesses involved in polarization reversal or switching of ferroelectrics in view 
of the fact that these processes are fundamental to a number of possible practi- 
cal applications. 

Below we describe some experimentally observed features of pulse switching 
of ordinary tri-glycine sulfate (TGS) and deuterated tri-glycine sulfate (DTGS) 
crystals that are not explicable in the framework of the simple theory proposed 
by Pulvari & Kuebler!.* Presumably similar effects obtain to a certain degree in 
other ferroelectric crystals as well. 


The measurements were carried 
out by means of the set-up diagram- 
ed in Fig.l. This allowed of ap- 
plying bipolar square voltage pulses 
produced by the two 26I generators 
and amplified by the two channel 
amplifier with a low output resist- 
ance (R,; = 50 ohm) to the crystal 
specimen. The set-up had provision 
for independent control of the pulse 
parameters and wide variation (by 
means of a GIS-2 generator used as 
Fig.1. Block diagram of the set-up for study- a long delay line) of the delay be- 

ing pulse switching. tween pulses of opposite polarity. 
The voltage applied to the crystal 
was measured by a VLI-3 crest voltmeter, while its waveform was monitored by means 
of an 10-4 oscilloscope. The switching current and time were determined from the 
trace on the screen of a second 10-4 oscillograph shunted by a low voltage resistor 
Ro x~ 10-70 ohm) e 

Most of the measurements were carried out on specimens in the form of 1 xl 
‘em plates 0.15 to 0.30 mm thick cut normal to the ferroelectric axis of the crys- 
tal. Cross-shaped silver electrodes were applied by vacuum evaporation. 

1. Whereas when equispaced bipolar pulses are applied to the crystal, the 
switching currents and times corresponding to pulses of opposite polarity are the 
same (in the absence of unipolarity of the crystal), upon the application of un- 
equally spaced pulses the switching current and times become asymmetrical. If 
the sequence of pulses of one polarity is shifted relative to the other, there 
occurs an increasingly rapid growth of imax and 1/t max for the pulses the separa- 
tion between which is decreased and a slowing down decrease Of imax and 1/Tmax 
for the pulses the separation between which is increased. An opposite shift of 
the pulse sequences results in a similar change of imax and 1/TtTmax for the corre- 
sponding pulses, i.e., there is obtained a symmetrical picture. 

This indicates that in the intervals between pulses of opposite polarity 
there occur processes associated with change of the conditions of nucleation and 
domain wall mobility that slow down the subsequent polarization reversal and that 
become evident only with an appreciable difference in the intervals between pulses. 

II. According to the simple theory and experimental data of Pulvari & Kuebler 
(Refs.1,6) the imax/S = f® (S is the electrode area) and 1/Tmax = P(E) curves 


O04 Os- 
illose 


*The results of measurements of imax = (E,t) and 1/tmax = @(E,t) for TGS 
and DTGS crystals (Cinax is the maximum switching current and Ty, is the switch- 


ing pulse rise time) are described in Refs.2,3 & 4. 
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for TGS and DTGS crystals (as well as for other ferroelectrics) coincide when 
plotted to an appropriate scale. However, our measurements?» carried out at 
different temperatures with pulses of less than 20 microsec duration show that 
with increase of the field the inax/S = f(E) curve deviates upward from the 
1/Tmax = @(E) curve, which leads to apparent increase in the value of the spon- 
taneous polarization calculated by means of the formulal Pg = 0.825 imaxtmax/S. 

This divergence between the field dependences of imax/S and 1/Tma, can ap- 
parently be explained, on the one hand, by incomplete switching of the interelec— 
trode volume in weak fields and increase of the switching volume with increase of! 
the field strength; on the other hand, the divergence between the curves may be 
caused by variation with field of the relationship between Tmax and T,, the total 
switching time, i.e., by variation in the shape of the switching pulse (the shape: 
of the i = f(t) curve which in the theory of Pulvari & Kuebler is assumed to be 
constant). It is found that the ratio Tmax/tTg actually increases with increase 
of the field strength, which is apparently connected with change in the relation— 
ship between the processes of nucleation and domain growth and propagation. / 
Nevertheless, the product imaxt, increases with increase of the field strength, 
although to a lesser degree than the product imaxTmax- Thus, the divergence be- 
tween the curves is apparently due to both causes. 

We note further that the 1/tmax = f(E) and 1/tg = Q(B) curves plotted to an 
appropriate scale will also diverge: the former curve with increase of the field 
will deviate upward from the latter, i.e., the equality Tg = kTmgy, where k is a 
constant equal to 2.6-2.7 (according to Pulvari & Kuebler), is not satisfied. 
According to our measurements, in fields up to 6 kv/cm k varies from 4.5 to 2.6, 
remaining greater than 3 in fields weaker than 5 kv/cm. 

III. In view of the hysteresis character of the field dependence of Pg in 
ferroelectrics the process of polarization reversal in these materials is always 
accompanied by substantial evolution of heat and, consequently, heating of the 
specimen. Under conditions of periodic pulse switching there is established witht 
in a short time a certain stationary temperature distribution owing to thermal 
lag. The strength of the heat source constituted by the switching volume and, 
consequently, the temperature rise to not depend on the separation between pulses: 
of opposite polarity or on the pulse duration (assuming the pulse duration to be 
greater than T,), so that in the first approximation they are proportional to the: 
pulse repetition rate and the pulse voltage. 

This heating effect must necessarily alter the field and frequency dependen-: 
ces of the switching characteristics, i.e., it must cause increase of ina, and 
1/Tmax (and 1/ts), and with increase of the frequency (or field) lead to overheat-: 
ing of the crystal and a pronounced change in the character of the field and fre-: 
quency dependences. Thus with a considerable switching volume the monotonically 
rising imax vs frequency f (or field E) curve, at a certain value of the frequen-: 
cy (or field), depending on the initial temperature and the geometry of the inter: 
electrode volume, begins to bend over and may even begin to drop back towards the: 
horizontal axis; under the same conditions the specimen with a substantially smal: 
ler electrode volume continues to exhibit a monotonic increase of imax (Fig.2,a). 

That this radical change in the frequency dependence of imax is due to heat-. 
ing is substantiated by the following simple experiment. If one junction of a | 
differential thermocouple is mounted in contact with the center of the electrode | 
cross and the other junction is placed in the temperature control chamber at some 
distance from the specimen, the temperature difference At registered by the therm 
couple may be taken as a measure of the heating of the specimen. 

*While prepenans the report for publication we became acquainted with the 
work of Campbel1° in which the heating of a barium titanate single crystal was 
measured by a similar procedure, although for a different purpose, 
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Fig.3. Heating of TGS specimens at different frequencies as a function of the field. 
‘Interelectrode volume dimensions: a) 2.1 x 2.1 x 0.28 mm, b) 0.5 x 0.4 x 0.19 mn. 
Initial (ambient) temperature 20°. 


d The At vs f curve recorded by this procedure is shown in Fig.2,b; it will be 
seen that this curve also changes slope at about the same frequency as the imax = 
= O(f) curve, but instead of dipping downward, tends to saturation. Thus the ap- 
“pearance of the curves shown in Fig.2 can be explained on the assumption that there 
occurs heating of the switching volume with resultant impairment of the polariza- 
tion and decrease of the switching current; this in turn leads to decrease of the 
heating and to partial restoration of the polarization reversal. As a result there 
is established a slowly varying dynamic equilibrium; the At vs f curve continues 
almost parallel to the horizontal axis, while the imax vs f curve goes through a 


es 


- 
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maximum and then slopes downward. The change in the character of the iggy = f () 
and At = @(E) curves (Fig.3,a) can be explained in analogous fashion. 

Precise calculation of the specimen heating is somewhat complicated inasmuch | 
as one must take into account the heat evolved in the switching volume, the heat 
expended on raising the temperature of this volume and the heat lost by transfer 
to the rest of the specimen and radiated out of the specimen through the side 
walls and the electrodes. Usually only the dependence of the heating on the size 
of the switching volume is considered (for example, see Ref.8). It can readily 
be seen, however, that even with a constant switching volume the heating can be 
reduced in practice by substantially increasing the surface and, consequently, 
the heat dissipation. If the heat flow through the side and end surfaces of the 
switching volume differs substantially (because of unequal linear dimensions or 
differences in thermal conductivity) , a change of the switching volume by chang- 
ing one or another of its linear dimensions will have a different effect on the 
heating. Thus, for example, it is obvious that in case one can neglect heat loss” 
through the side surfaces of the switching volume (in case of a ferroelectric film 
for example) the heating will not depend on the size of the electrodes. 

In the case of three dimensional decrease of the polarizing volume, however, 
the heating always decreases inasmuch as the amount of heat evolved decreases as 
l?, while the heat transfer decreases as /*. A typical example is shown in Fig.3 
from which it will be seen that a crystal with an interelectrode volume of 2.1 x 
2.1 x 0.28 mm subjected to pulses with a repetition frequency of 10 ke heats up 
immediately, while a crystal with a switching volume of 0.5 x 0.4 x 0.19 mm can 
be switched without significant heat rise definitely at a low repetition frequency; 
and that even at a frequency of 10 ke in fields to 5 kv/em its heating is rela- 
tively minor. The pulse repetition frequency (or field amplitude) for which imax 
and 1/Tmax with increasing pulse repetition frequency cannot, apparently, be wholl! 
explained by heating of the interelectrode volume: one must also take into accounti 
the possible influence of decrease in size of the switching volume and change in 
the separation between pulses of opposite polarity. 

IV. Before concluding we must briefly mention other effects observed in the 
process of pulse polarization reversal, effects which can be partially explained 
by heating and partially by changes in the conditions of domain nucleation and 
domain wall mobility occurring in the intervals between pulses. 

1. When periodic bipolar pulses are applied to a crystal, "steady" switching 
is not established immediately: actually imax and 1/t, gradually rise to a cer- 
tain steady value and thereafter remain constant even with continuous switching 
for a period of up to 5-8 hours. The length of this "step-up" period depends on 
the frequency and amplitude of the pulses and on the preceding history of the 
specimen. For high field amplitudes (or small volumes) the steady state is at- 
tained in a fraction of a second. 

2. The threshold field defined as the field for beginning of switching with 
increase of the pulse amplitude proves to be higher than the threshold field de- 
fined as the field of cessation of switching with decrease of the pulse amplitude. 
The difference between the two fields may be very appreciable: 200 to 500 v/com. 

3. The threshold field defined as the field for beginning of switching under — 
periodic pulses of increasing amplitude increases after the crystal has been al- 
lowed to rest for some time, 

4. In the case of switching by single pulses, the threshold field is substan=- 
tially higher and the ima,/S = f() and 1/tmax = @(E) curves lie appreciably lower 
than in the case of switching by periodic pulses. 

All the above described effects make calculation of the switching character- 
istics of TGS and DIGS crystals rather difficult and hence hinder the use of such 
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crystals in switching circuits. It would, therefore, be highly desirable to in- 
vestigate all these effects in detail. 

I desire to thank V.A.Pluzhnikov for assistance in carrying out the experi- 
ments and I.S.Zheludev for stimulating discussions. 
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SOME SPECIAL PROPERTIES OF FERROELECTRIC ELEMENTS AND FERROMAGNETIC TOROIDS 


WITH SQUARE HYSTERESIS LOOPS 
- E.I.Mamonov & I.S. Zheludev 


Ferroelectric and ferromagnetic materials with a hysteresis field dependence: 
of the induced polarization or magnetization have a number of formally similar 
properties: hysteresis, switching characteristics, the presence of spontaneous 
polarization or magnetization, the character of the variation of these quantities: 
with temperature, etc. At the same time, owing to the basically different nature: 
of ferroelectricity and magnetism, these effects in the two types of materials 
differ substantially from each other. 

In the present article we shall consider the qualitative aspects of certain 
processes occurring in ferroelectric and ferromagnetic materials that are of prac- 
tical importance from the standpoint of their application in switching circuits. 


Switching Characteristics 


The effect fundamental to the utilization of ferro- 
electric and ferromagnetic materials in switching circuits 
is hysteresis!~4, Fig.1 shows an oscillogram of a hystere 
sis loop with time markers, the distribution of which ove 
different sections of the loop allows of evaluating the 
rate of transition from one extreme state of polarization) 
or magnetization to the opposite. 3 Upon the application 
of a sufficiently strong constant field, ferroelectric 
(ferromagnetic) elements are polarized (magnetized) to 
saturation in the direction of the applied field and af- 
ter removal of the field retain their residual polariza- 
tion (magnetization) even when the driving circuit elec- 
trodes are short circuited. This effect is utilized for 
storage of information in binary form: one of the satur- 
Fig.1. Oscillogram of ated states corresponds to "zero"; the other to "one". 
hysteresis loop with The switching rate is determined by the transition 
time markers, typical time of the polarization (magnetization) processes over 
for ferroelectric and the vertical sections of the loop. It should be noted 
ferromagnetic elements that over these sections, where the transition has a 


used in switching cir- "trigger" character, the duration of the process is much 
cuits (the strength of shorter than over the "horizontal" sections of the loop. 
the applied sinusoidal The switching rate is a significant parameter in one 
field is approximately of the most important engineering applications of ferro- 
twice the coercive electrics and ferromagnets, namely, storage of informa- 
field). tion. In this application the ferroelectric or ferromag=- 


netic elements are controlled - driven - by pulses. The 
waveforms of the switching signals for elements of both types are similar (Fig.2). 
The duration of switching is usually measured by means of an oscillograph (Fig.2 | 
a), the switching time Tg being reckoned to the 10% level of maximum signal ampli 
tude (Fig.2,b). The driving pulse width is usually made somewhat greater than | 
Tg in order to insure a sufficiently long driving pulse at the given field ampli- 
tude for complete switching of the element. The initial overshoot (Fig.2) is due 
to the leading edge of the driving pulse and not to the switching nrcabae The 
switching signal when the driving pulse is of the same polarity as the precediie 
pulse proves to be appreciably shorter than the switching signal (Fig.2,b dashed 
line). The amplitude of this signal, which is essentially a noise ple is 
proportional to the slope (dP/dt or dB/dt) of the corresponding sections of the 


| 
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Fig.2. Shape of signals arising as a result of pulse switching in circuits with 
ferroelectric and ferromagnetic elements (for fields corresponding to the full 
| saturation or limit cycle). 


rc. hifr loops. By effectively reducing the time constant 
s| S 1h fpf -E,) of the circuit under these conditions, the ferro- 
electric or ferromagnetic element acts so that there 
occurs differentiation of the driving pulses. Conse- 
quently, the amplitude of the noise signals will in- 
crease with decrease in the rise (decay) time of the 
driving pulses. Moreover, both the useful signal 
and the noise signal are proportional to the area 
S of the electrodes of the ferroelectric capacitor 
or the cross section of the ferromagnetic toroid. 
The character of the variation of the switch- 
ing time with the applied field is also similar for 
A EH) (4) elements of both types. Typical field (E or H) de- 
pendences of the switching time Tg and reciprocal 
Fig.3. Applied field depend- time 1/Tg are shown in Fig.3. 
ences of the switching time In weak fields insufficient for switching over 
T., and reciprocal time l/ts the limit cycle (i.e., in fields equal to or weaker 
for ferroelectric and ferro- than the coercive fields) the variation of 1/55 as 
magnetic materials with a a function of the field is nonlinear. For fields 
square hysteresis loop. exceeding Eg (or H,) (which for the case of ferro- 
electrics is called the critical or limit fielal, 
and for the case of magnetic media the threshold field?) , the variation of 1/T, 
as a function of the field is linear and is described by the relationships 


(1) 
1/ts= Un(£ — £)) 


a 
for ferroelectric elements , and 


1 
tatem ag — (f= Ho) (2) 


for ferromagnetic elements; here HW, is the domain mobility coefficient and S,, is 
the switching coefficient. Both these coefficients depend on the physical nature 
of the material and on the composition and structure of the given switching ele- 
ess: is interesting to note that with increase of the time constant of the 
switching circuit with a ferroelectric or ferromagnetic element the switching 
speed decreases (the slope of the 1/tg curve increases). Point A in Fig.3 cor- 
responds to the field strength below which no switching occurs. It may be hypo- 
‘thesized that the nonlinear section of the 1/Tg vs H curve is due to nonuniform 
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D288 90 *Q0¢ 24119 distribution of the driving field in | 
ee oe SSO the magnetic medium: the nearer interna} 
layers of the toroid are under the in- 
asa ee Make fluence of a stronger field and switch 
‘7-098 ;_A yy earlier or under weaker pulses. More- 
oom eban over, for different components of the 
magnetic induction the switching rates 
‘gone 
is C8 s may differ for a given field. It must 
o RaQ Ss SSeS § : 
‘Ss ~ oO NAAN be noted that other interpretations of 
_ ma the effect, based on the concept of do- 
Ge - main processes, have been proposed. The 
Sutto4 TNS Seer eS section 0-A of the 1/t, = f(E) curves 
dod oes ooo ob OSS for ferroelectrics may be associated wit 
oelieas S conditions under which the applied fielo 
ee does not produce switching. The nonline 
(9.8352) ia ar part of the curve can be related with 
ieictg at 2 ee EE the presence of polarization components 
(9°G*szoy7) oof acting at different rates. Over this 
Wo ad ER section of the cycle the predominant rol 
(9'@°sqou) ee is played by domain nucleation, while 
wo “qo Ned 69 over the linear section domain growth 
oF a and penetration processes predominate. 
4 1B 2s coma The domain growth rate may be compared 
© Oa Breech Be with the velocity of sound in the given 
375.9 Aa ey ox medium. On the basis of this one can 
Shi mes make quantitative estimates of the 
[ ane: ce Dts error, switching speed. 
‘TOV ee There also exists the view accord- 
= Rae ies = 2 ing to which for some ferroelectrics 
Pio ts atod ON ieee che hme (barium titanate) there is no critical 
/2Tnol oo) See & - : * 
or 45, o Jieksieos oS field below which switching, no matter 
Os | how slow; Sdoestnotioccurlebrometne 
S - standpoint of practical application of 
>, noe 2 ferroelectrics (as well as ferromagnetic 
a elements) this, of course, is undesir- 
ee So able, it is essential to have a fairly 
Bt oS ea ade 7 sharp separation, marked by the thresh- 
ad Sucasi= old or critical field, between the field 
uz regions where switching does occur and 
ooh where it does not. 
(o}ie| oom 
oO 8 POPC ghee It will be evident from the curves 
id of Fig.3 that with increase of the driv- 
ait /THOoT <5 ie 12 ing field the switching time decreases. 
seen ea eS It would seem that this should make it 
ate rr possible to calculate the maximum at- 
f He 3 4 8 3 R29 FH ee ae switching frequency: fmax = 
s g g ‘IHS ee oc = 1/2tmin- In practice, however, this 
i od 08 § ees frequency is rarely attainable owing to 
8 5 ba 5 B pe 2 9 the fact that because of heating the | 
= 5 18 ae KEE Es switching parameters are impaired, thus 
S Bo Zea ge gs setting a lower limit to the maximum | 


switching frequency. 
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Losses 

The unfavorable effects of heating due to losses and other factors will, 
other conditions being equal, be evinced sooner for materials with a lower Curie 
point. In practice (for example, in ferrite memory devices) forced cooling is 
essential in most cases. We note that on the assumption of the same thermal con- 
ductivity the conditions of heat loss for ferroelectrics are better (owing to heat 
transfer through the metal electrodes) than for ferrites. Of the various losses 
encountered in switching devices, the greatest fraction is accounted for by hys- 
teresis loss, which is proportional to the area of the hysteresis loop. Moreover, 
ferroelectric elements have loss components due to conductivity, the piezoelectric 
effect and electrostriction, while ferrite elements have losses due to eddy cur- 
rents and magnetostriction. Some loss can also be attributed to relaxation pro- 
cesses. Evaluation of the magnitude of the losses, the degree of their interac- 
tion and their influence on the switching mechanism is of great practical interest. 
: Some significant parameters and the approximate values of the specific and 
absolute hysteresis losses of a number of ferroelectric elements and ferromagnetic 
toroids calculated for a single switching event are given in the accompanying 
table (for frequencies of 50 to 100 cps). The specific losses for ferroelectrics 
Wep ~ 2PoE,) and for magnetic toroids (Wsp = (1/2n)By H,) are given in joules 
per cm, 

At present, researchers are working on problems of preparation and utiliza- 
tion of film elements wherein the absolute losses are low enough to permit opera- 
tion at relatively high switching rates. 

The specific losses in magnetic toroids are lower than in ferroelectric ele- 
ments; in practice, however, ferroelectric elements can be made much smaller than 
toroids* so that the absolute losses prove to be lower than the losses in toroids. 
On the other hand, the ferromagnetic materials listed in the accompanying table 
have higher Curie temperatures than the listed ferroelecrrics. Ferroelectric ele- 
ments generally require driving pulses of lower power than magnetic elements, 
while yielding an appreciably stronger readout signal. 

The switching mechanism and associated effects in ferroelectrics have been 
‘studied less than those in ferromagnetic materials. The technology for obtaining 
ferroelectric elements with the desired special characteristics is also lagging 
behind the corresponding technology for ferromagnetic toroids. This is the reason 
for the relatively slow adoption of ferroelectric materials for switching purposes, 
despite their advantages over ferrite cores. Particularly important is the search 
for ferroelectric crystals with a sufficiently high Curie temperature that could 
‘be used for switching elements with stable characteristics in a wide range of fre- 
quencies, temperatures, etc. It is also of interest to elucidate the reasons for 
some of the shortcomings of certain ferroelectrics (for example, the so-called 
"“sorming time" to establishment of the full switching cycle). 
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PRINCIPLES AND APPLICATION OF FERROELECTRIC MATRICES FOR INFORMATION STORAGE 


IN COMPUTERS 
- E.I.Mamonov 


Ferroelectric matrices can be constructed either in the form of continuous 
plates with a grid of orthogonal strip electrodes on opposite sides of the plate 
or in the form of an array of individual miniature ferroelectric capacitors. The 
former construction is preferable from the standpoint of ease of assembly and the 
possibility of utilizing printed circuit techniques (Fig.1). The electrodes are 
applied to the plates by vacuum evaporation of an appropriate metal through temp— 
lets prepared of metal foil by photochemical etching. The leads from the matrix 
plate are attached not by soldering but by means of a conducting cement consist- 
ing of a polymer, a metallic powder and a solvent. The basic parameters of the 
plate and templet are chosen such that the width of the slots in the templet (and! 
consequently the width of the electrode strips) will be greater than the thicknes: 
of the plate. This serves to reduce edge effects in the elementary capacitors 
formed by the crossovers of the orthogonal electrodes. 

For experimental purposes! we prepared matrices 
with a storage capacity of from 81 to 1024 binary 
bits; these consisted of 10 x 10 and 20 x 20 mm 
ferroelectric plates prepared of tri-glycine sul- 
fate single crystals. < 

Information storage in ferroelectrics is based! 
on the hysteresis dependence of their polarization 
(or bound charge) on the applied electric field; 
one of the residual polarization states is taken as: 
"zero"; the other as "one". Control of the infor- 
mation storage (recording, readout and restoration 
of the information after reading) is realized by 
pulses. In all types of circuits writing and re- 
storation of the information is based on the addi- 
tion of electric fields applied to pairs of mutual-: 
ly orthogonal electrodes. The total field £,, (for 


4 
example, += Em and +(1 =) Em, Where usually 


3>k> 1) must be sufficient for complete switch- 
ing of the ferroelectric element over the limit 
cycle. In view of the fact that the charge stored 
Fig.l. Experimental ferro- in a ferroelectric element is bound and cannot be 
electric matrix. detected statically in the external circuit, the 
detection and recognition of information in readout: 
must be carried out in the process of pulse switching, in most cases with loss of’ 
the stored information. In the process of reading (Fig.2) there are switched onl: 
the elements holding "one" (Fig.2,b), while from the unswitched cells with code 
zero there are obtained shorter pulses (Fig.2,c) due to differentiation in the 
geometric (static) crossover electrode capacitance.2,3 This circumstance allows © 
eran the useful signal-to-noise ratiol,4 by gating with a suitable delay 
ig.2,d). 
The most suitable principle of operation for two coordinate stor 
is that in which parallel readings may be carried out by applying setae eae | 
trarily high voltage to one matrix electrode, the electrode along which all the 


Se Oe AE CRD eS ED SD ee AY OD eS ee ND ee ee eee SS | 


*There were also prepared 40 x 40 mm matrices of tri-glyci 
crystals. glycine sulfate single 
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digits of the word are located.1»4 
Three dimensional systems, which can have a 


4 3 much higher storage capacity, may be based on two 
Means principles: 1. An extension of the two-dimensional 
a : type where each digit of a given word is written 
| 


| ‘ on the crossovers along the single matrix elec- 
trode, and different groups of words are written 

along different matrices comprising the three- 

dimensional system, the third coordinate in this 

c case being the matrix numbers. 2. A purely three- 
dimensional type, where each digit of a given word 

t is located in different matrices. 

The first principle provides for higher re- 


Readout 1 


Readout O 


| PLaeaa d liability and speed!,5, and easier adjustment of 
Fecognition ciréuit the operating point, taking into account the scat-~- 
| ter of the parameters of the individual matrices 

- | ie and crossover electrodes. The presence of sig- 


nals from partially excited (not addressed) cross- 
Fig.2. Time diagram of reading overs in the second case may substantially impair 
and recognition of stored in- the signal-to-noise ratio in reading and thus con- 
formation. stitutes a serious restriction on the information 
storage capacity.* For square matrices with n xn 
electrodes the parasitic signal in the best case is proportional to C,(m - 1), 
where Co is the geometric capacitance of a crossover2. 
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é: *This holds despite the use of group noise-compensation procedures, which 
are convenient in transformer information recognition. 
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TRANSISTOR CIRCUITS FOR AUTOMATIC CONTROL OF WRITING, READING AND RESTORATION 


OF INFORMATION IN FERROELECTRIC MEMORY MATRICES 
~ E.I.Mamonov & Yu.M.Koval'skii 


In employing ferroelectric information storage devices the simplest method 


of writing and reading information involves switching of the polarization of the 
This is the method used in the two-dimensional ferroelectric ma- 


ferroelectric. 
All the 


trix memoryl, the control system for which is described below (Fig.l). 
digits of each stored word (code number or command) are stored on the crossovers 
Corresponding bits in different words are locat- 
The required address is applied through the 
In accord 


along one horizontal electrode. 
ed along the vertical electrodes. 
logical circuit Ij to an address register consisting of flip-flops. 
with this code, one of the address decoder selection lines in the register is ex- 
cited and there is actuated (through a direct coupled input) one of the logical 


circuits Ig or I3. Thereupon writing or reading may be carried out according to 


the control program signals. 


Zero set AR 


Address recep— 
tion pulse y 


Reading pulse 


Address 
code input 


es oe 


ama 


O at 4 oWord input 
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Fig.l. Block diagram of the two-dimensional ferroelectric matrix memory. 


Recording is realized by applying to the ferroelectric capa 
pulses of opposite polarity and of amplitude equal to, for ee vat ae 
the saturation field). The writing pulse passes through one I3 circuit corre- 
sponding to the given address code and through circuit I4 direct coupled to the 
individual flip-flop outputs of the buffer register, if the corresponding digit 
of the receiving register is in the 1 position. At the outputs of the I ee Ig 7 
circuits there will appear pulses of opposite polarity; the amplitude ofhideed 
pulse may be made equal to /,,/2. The pulse polarity is made such that the volt- 
age across the memory element will be opposite to the voltage in readin Th 
crossovers where the writing pulses are applied to both electrodes ne a 
from za) ane switched to position 1; the others remain in position 0 Sa 
reading pulse applied to the circuits I» wil ‘ 
them, selected in accordance with the address ae Conpthetnneecee ee 
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of the matrix). The reading 
pulse amplitude is greater than 
the ferroelectric switching 
voltage. Hence all crossovers 
on this electrode in position l 
will switch to the 0 position. 
The switching signal is applied 
through the reading amplifier 
RA to the input of the I5 cir- 
cuit to which the recognition 
pulse, shifted by a certain de- 
lay with respect to the start 
of the reading pulse, is also 
applied (RP in the time diagram 
in Fig.1). When al is read 
this pulse will pass through 
the circuit I5 to the corre- 
sponding place of the receiving 
register. When reading 0, 
switching does not occur; there 
will only be a noise pulse 
Fig.2. Writing, reading and recognition circuits which terminates before the RP 

with transformer coupling. pulse arrives at circuit I5, 

so that the recognition pulse 

does not pass through this gate. Thus the corresponding place in the receiving 
register remains in the O position. 
The address register of m = 5 binary places and the receiving register of 
m = 32 binary places consists of static flip-flops employing P15 and P16 transis- 
tors. The address decoder is a two-stage unit employing D2V germanium diodes. 
Below we shall consider only the writing, reading and recognition circuits. 

The schematic diagram of the writing, reading and recognition circuits is 
shown in Fig.2. In writing, the signal is applied to transistors Tg and T3. The 
“resistance in the ferroelectric switching circuit in this case is low since it is 
determined by the resistance of the secondary windings of transformers Tr and 
Tro and the input resistance of the incoming information amplifier (through Trg). 

Information is read by applying a reading pulse to transistor Tj. The 
switching current circuit consists of the secondary winding of transformer Trj, 
the capacitor electrode, the reading winding of Tr3 and the resistance Rpo (since 
‘transistor T3 is cut off and the resistance in the secondary of Tro is high). 
The resistance of the external network in reading is determined mainly by the 
resistance Rpg- Inasmuch as in this circuit one can apply driving pulses of vir- 
tually unlimited amplitude, a very short reading time may be achieved. 
Recognition of the information read is realized by means of transformer Trg, 
the secondary winding of which is connected to the input of the recognition ampli- 
fier. 


y The writing and reading signal amplitude can be controlled by the variable 
resistors Ry , Ryo and Rx, which are bypassed by capacitors (not shown in Fig. 
2). Resistor Rp, is a ballast resistance to stabilize the writing and reading 
‘signal amplitudes with variation in the number of switching crossovers in a word. 
& The recognition amplifier with a resistance coupled emitter input is designed 
about a P16B transistor. The emitter circuit resistance Re < 55 ohm. The tran- 
‘sistor is cut off by a positive bias on the base. The voltage drop across Re 
‘when the ferroelectric is switched is not sufficient to turn on the transistor. 
‘The recognition pulse (RP) is applied to a transformer in the base circuit; the 
amplitude of the signal in the secondary of the transformer is smaller than the 


> * 


ee oe 
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Fig.3. Oscillograms characterizing the operation of some of the control circuits: 
a) switching process in a static flip-flop (component of the address and receiv- 
ing registers), b) signals in one of the lower order and one of the higher order 
positions of the address register, designed in the form of a binary counter with 
a through-carry network, ¢c) output pulse from the writing or reading amplifier. 


bias and hence a single RP 
pulse does not cut in the 
transistor. If the ferro- 
electric switching current 
at the instant of arrival 
of the recognition pulse 
has not terminated, the RP 
pulse turns on the transis- 
tor and the amplifier out- 
put signal trips the flip- 
flop in the corresponding 
place in the receiving 
register (code 1 is read). 

Oscillograms character-— 
izing the operation of some 
of the elements and units 
described above are shown 
in Fig.3. A photograph of 
the experimental equipment 
designed to store 1024 32- 
digit words is reproduced 
in Fig.4. 

Tests of the transiston 
control system showed that 
, , it can be used in conjunc=- 
Fig.4. General view of the equipment with plug-in tion with ferroelectric 
units. matrices for the construc- 


tion of computer memories. — 
We desire to thank I.S.Zheludev for valuable assistance and advice and B.N, 


Perekatov for assistance in assembly and adjustment of individual units of the 
experimental equipment, 
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EQUIPMENT FOR EXPERIMENTAL INVESTIGATION OF FERROELECTRIC MATRICES 
WITH SEMIAUTOMATIC ADDRESS SELECTION 
- E.I.Mamonov & V.G.Rzhanov 


A common mode of operation of ferroelectric memory matrices consists of 
applying pulses of opposite polarity to appropriate electrodes in an orthogonal 
array. The resultant field strength produced by the pulses is made greater than 
the coercive field. In this mode of operation all the other memory cells, in 
addition to the selected one, are located along the excited electrodes and are 
acted on by pulses of opposite polarity (depolarizing) or identical polarity 
(repolarizing) according to the direction of the residual polarization in the 
cells. The amplitude of these pulses will be lower than the critical or thresh- 
old amplitude for switching over the limit hysteresis cycle. 
| For practical application of ferroelectrics as high speed memory elements 
it is important to determine the behavior of the ferroelectric cell under the 
influence of various combinations of switching pulses and partial amplitude 
pulses. The former are of sufficient amplitude to induce switching over the 
limit cycle; the latter may cause partial and undesirable changes in the residu- 
al polarization, the degree of which is of interest for specifying the operating 
conditions for such ferroelectric devices. 

The equipment described below was developed for experimental studies of ferro- 
electric matrices and individual elements under conditions of pulse switching. 

A block diagram of the equipment and the voltage-time diagrams characteriz- 
ing its operation are given in Fig.l. The equipment consists of a synchronizing 
generator G, a control trigger T,, a delay trigger Tp, an electronic delay line 
EDL, a one-shot multivibrator OSM for controlling the pulse sequence, two logical 
AND gates (Iq = Ig); four pulse shaping Kipp oscillators K0O4_4; two OR gates and 
an output amplifier Amp. The one-shot multivabrators OSM and K0;.4 have provi- 
sion for regulating the pulse duration and amplitude. 

Peaked positive pulses (Fig.1) from the generator G are applied to the inputs 
of the gates Ij and Iy. The pulses pass through the open gates I, and I, or Ig 
(depending on the position of the trigger Ty) and go to the trigger of the shaping 
Kipp oscillators KO, and KO», which produce square pulses. Trigger Tg is actuated 
by the first pulse from line 5 or 6. The switching pulse of To is used to trigger 
the electronic delay line EDL. The delayed pulse from the delay line goes to the 
counting input of trigger T1, which switches channels 5 & 6 and 12 & 13 and actu- 
‘ates the trigger of the one-shot multivibrator OSM. The duration of the pulse 
taken off the OSM (see Fig.1) should be less than two pulse repetition periods of 
the generator so that only one generator pulse can trigger the Kipp oscillator 
KO3 or KO, (depending on the position of trigger T, and of the selector switch 
‘Sw).* Thus there is obtained at the output of gate OR] or OR»y a series of posi- 
tive square pulses, the amplitude of which is controlled by adjusting K0]-~4. 

Each pulse series consists of switching pulses from the Kipp oscillators KO3 and 
K04 and N pulses from the Kipp oscillators KO, and K0o- The amplitude of the 
‘latter pulses is usually made smaller than the amplitude of the switching pulses. 
‘The pulse series frequency is given by fser = fzen/2(N + 1), where fgen 15 the 
frequency of the synchronizing pulses from the generator G, and N is the number 
of pulses in a series put out by the Kipp oscillators KO, and KO9. 

; The output amplifier has one phase inverting input and combines the pulse 
series fed in through channels 18 and 19 into one output (Figs.1 & 2). The ampli- 
fier puts out square pulses with an amplitude of up to 200 v across a ballast load 


of 1 kilohn. 
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Fig.l. Block diagram of the equipment and voltage-time diagrams charac- 
terizing its operation. 
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Output 


70082 


Fig.2. Output amplifier. 


The pulses (Fig.3) from the amplifier 
output are applied to a stepping relay 
selector. Two such stepping relay selec 
tors provide for semiautomatic address 
selection over the X and Y coordinates of 


b 


4 the ferroelectric matrix which has a 
storage capacity of up to 1024 binary 
Fig.3. One type of pulse series put digits. 

out by the 


amplifier. Separate regulation of all the pulse 

magnitudes allows of obtaining the desired 
pulse amplitude-to-duration 
ratio at the output. The 
pulse series combinations 
are controlled by varying 
the delay Tg and changing 
the position of the selec- 
tor switch Sw. 

The electronic delay 
line EDL consists of two 
one-shot multivibrators 
and has a range of delay 
times from 10 microsec to 
10 millisec. 

The individual cir- 
cuits are designed in the 
form of standard blocks 
with 30-pin plug-in con- 
nectors. A general view 
of the instrument with a 

pS Hout agpens 4 test ferroelectric matrix 
eneral view of the equipment. in place is shown in Fig.4. 


Fig.5. Oscillogram of sig- 
nals at the matrix output. 
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The positions of the stepping relay selectors are 
indicated on dials that can be viewed through the 
windows in the front panel. 

The following characteristics of ferroelectric — 
elements and matrices can be determined by means 
of the described equipment: 

a) the rate of switching processes and their 


dependence on the pulse amplitude, the pulse repeti-: 


tion rate, the thickness and other parameters of 
the matrix under different conditions; 

b) values of the threshold switching field 
(Fig.5) under different conditions; 

c) the stability of the stored information un- 
der the influence of depolarizing pulses of partial 
amplitude; 

d) the ratio of the useful signal-to-noise and 


the degree of unipolarity of hysteresis; 
e) the degree of uniformity of the various electric properties of the ferro- 


electric components; 


f) the mutual influence of the switching elements; 
g) other characteristics of the matrix such as fatigue, the time for attain- 


ment of the limit cycle, etc. 


We desire to express our gratitude to I.S.Zheludev for valuable advice. 
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SIMILAR AND DISSIMILAR FEATURES OF ANTISYMMETRY, MAGNETIC SYMMETRY AND 
COMPLETE SYMMETRY* 


- I.S. Zheludev 


Some years ago Shubnikov made an important contribution to the study of sym- 
metry by introducing, in addition to the two forms of equality adopted in ordinary 
Symmetry (congruent and mirror), two new forms of equality: congruent antiequali- 
ty and mirror antiequality.1 According to this generalization, the operations of 
congruent antiequality are used to superpose figures (or parts thereof) having a 
different coloration (color) by the usual rotations with subsequent change of the 
color to the “opposite”. In turn, operations of mirror antiequality are employed 
to superpose figures (or parts thereof) by mirror rotations with subsequent "color 
inversion" (antisymmetry, black-white symmetry or +-symmetry). 

The total number of point groups obtained in this generalization proved to 
be 122. The 32 groups of ordinary symmetry are here considered to be "polar" 

groups, i.e., groups that describe the symmetry of figures having some given sign 
- (polarity or color); 58 groups are groups of "mixed polarity", i.e., groups in P 
which the figures may in part have "opposite" colors; finally, 32 groups are "grey 
groups, i.e., groups describing figures having a neutral (grey) color or what is 
the same thing, devoid of color entirely. 

Subsequently, Tavger & Zaitsev? made a generalization intended for describ- 
ing the magnetic properties of crystals; this has come to be called ‘magnetic 
symmetry’. The authors of this generalization utilize the indication of Landau 
and Lifshits to the effect that the operation of time inversion is not a symmetry 
operation for magnetic effects.° Analyses and treatments of magnetic symmetry 
are usually based on the fact that the operation of time inversion is not an inde- 
pendent symmetry operation for magnetic effects if only because magnetic moments 
(which can be likened to ring currents) change their direction to the opposite as 
a result of this operation. From this stems the contradiction between the general- 
ization adopted in magnetic symmetry and the generalization adopted in antisym- 
metry. In the latter case the operation of "color inversion" of the figures is 
not an independent operation of antisymmetry (change of sign: operation 1); in 
the former case the operation of change of sign of the enantimorphism is not an 
operation of magnetic symmetry (change of the PLAS say, north magnetic 
pole to the left-hand or, say, south pole: operation R). 

Unfortunately, the generalization adopted in magnetic symmetry has ia 
consistently investigated to disclose its full consequences. It rer aus : e ia 
- determine from published treatmentsof magnetic symmetry precisely what ae a 
y, attached to the transformations accomplished by the operations of pa aen es _ 

p mirror antirotation in this generalization. The matter is Ria ie coe cate : y 
agnetic s etry groups are frequently designated™» by means o 

Bie eane Shans tehat seek aan for designating groups of mixed polarity. Remarks 
Brbie dactetic symmetry these designations have a different stays without 
specifying this meaning clearly, hardly help clarify the ace Reoenopms § 

The lack of clarity in defining the oe Renn a ge meee ee Sin a 
adopted in magnetic symmetry leads to great d aia s Guta escoi nixed OR ere ete 
understandings in using the magnetic symmetry group 

of crystals (including magnetic crystals). 


This rep the theory of ferroelectricity 
* report was presented at a seminar on 

held April 18, 1960 in the Institute of Crystallography of the USSR Academy of 
f ? 


Bie saiSeatione 1 and R can enter into antisymmetry and magnetic symmetry, re- 


spectively, only in combination with the ordinary elements of symmetry. 
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The above shortcomings are not the only ones from which the generalization 
of magnetic symmetry suffers. From the standpoint of group theory the general- 
ization adopted in magnetic symmetry gives nothing new compared with the general- 
ization adopted in antisymmetry. This generalization only interprets the general-- 
ization of antisymmetry in the case of magnetic effects. At the same time, intro-- 
duction of the term "magnetic symmetry" seems to be designed to emphasize the ap- 
plicability of the principles of antisymmetry for describing magnetic effects. 
From this one might even draw the incorrect inference that inasmuch as the opera- 
tion of time inversion does not change the sign of the charge, antisymmetry is 
inapplicable for description of electric and other similar properties of crystals.. 

As we noted above, the generalization that has come to be termed antisymmetry) 
and the generalization that is called magnetic symmetry, being essentially the 
same generalization from the standpoint of group theory, emphasize the preeminence: 
of one of two pairs of “opposite” quantities characterizing the properties of a 
figure or effect. In the antisymmetry generalization this preference is given to 
the sign (or color) of the figure, while in magnetic symmetry the preference is 
given to the sign of the enantiomorphism. In connection with this, the operation 
of "anti-identification" (the operation of color inversion of the figure, while 
retaining the sign of the enantimorphism; operation i) is placed in correspondence: 
with the operation of time inversion (operation of changing the sign of the en- 
antiomorphism, while retaining the color of the figure; operation R or also opera-- 
tion 1). Each of these generalizations is in a sense one-sided. 


Relation between the operations of antisymmetry and the 
operations of complete symmetry 


Antisymmetry Complete symmetry 


Transforma~ | Designation 


Transforma-| Designation 


Operation tion eS of opera- Operation tion accom- of opera- 
plished plished tion 
Rotations +—>+ a Bes Ia Rotations + 13233; 4.06 
R—R R—R 
Mirror ro- ++ 1;2;3;4. ee Mirror ro- ++ 1;2;3;4. ee 
tations R-—L tations R-L 
Antirota- +> - 1323334... Antirota- fo 1323354: we 


tions R-R tions R-9L 


Mirror an- +—9- 
tirotations R->L 


*The symbols + and - designate "opposite’ colors of parts of the figure, 
e.g., black and white. The letters R and L characterize the sign of the en- 
antiomorphism of parts of the figure: right-hand and left-hand. 


Mirror an- +—>- 
tirotations R—R 


We felt it would be desirable to introduce a generalization 
as compared with the generalizations of sitieykeees and win grid Fav saviins Coe 
new from the standpoint of group theory, would be free of the above mentioned one- 
sidedness. Such a generalization is the generalization introduced in the treat- 
ment of the symmetry of scalars, vectors and tensors.®;2 In this generalization 
no preference is given to one of the pair of signs. The symmetry groups obtained i 
in this generalization (there are also 32 + 58 = 90 such groups) we have called 
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<Some groups of complete symmetry in 
vector and tensor interpretation: 


a — 2:2 (L272 L,), © - 4-m.(L* 4P), 


lor 
! 


oh re f 
4-m ae ih) sey es 2+m (L? 2 P) P 
C — 6:2 (L983 L*32,),  § — m-3:m (183 L, 3 PP), 


d — m-2:m(L23PC), h ~ 6:m(L8PC), 
—<"2 —— 6 
ji — 4: 24044 1%), 


Only the generating elements 
of symmetry are given in the symbols de- 
signating the groups (m- plane of sym- 
metry, m - antiplane). In the parenthe- 
ses we give the complete symmetry formu- 
las (L designates the axis with the order 
given by the index; P - plane of symmetry, 
P - antiplane; C - center of symmetry; 

C - anticenter). 


groups of complete symmetry. The principal point in this generalization is that 
operation 1 is an operation which with equal validity transforms the initial fig- 
ure (or part thereof) into a figure having the opposite color (sign) and the op- 
posite sign of enantiomorphism. (If, in a particular case, the figure has only 


one of these qualities, it is transformed into the opposite: plus to minus, right 


or left, etc.). Operation 1 defined in this way is equivalent to Landau's opera- 
tion of combined inversion,19 Thus the operation of combined inversion (trans- 
formation of a particle into the corresponding antiparticle in physics) is equiva- 
lent to operation 1, which corresponds in our terminology to transformation of 
the initial figure into the antifigure in symmetry. The new forms of equality 
following from this generalization we call anticongruent equality (equivalent to 
mirror antiequality in antisymmetry - see figure) and antimirror equality (equi- 
valent to congruent antiequality). The relation between these different opera- 
tions of complete symmetry and antisymmetry, the essence of the transformations 
involved and the designations of these operations are given in the accompanying 
table. 

We note that the operations (antirotations and antimirror rotations) intro- 


, duced in the complete symmetry generalization are actually the complete opposite 


| 


to the operations in ordinary symmetry (rotations and mirror rotations) as re- 
gards the character of the transformations accomplished by them (this is the 


“meaning of the prefix "anti-"). We also note that, for example, the operation 


of antimirror rotation in complete symmetry is equivalent to the operation of 
antirotation in antisymmetry only as regards the final result, but is not equi- 
valent to the manner in which it is attained (in complete symmetry the trans- 
formation +-9-, RR is attained as a result of mirror rotation and change in 
the sign of the enantiomorphism and color, whereas in antisymmetry this trans- 


formation is realized as the result of simple rotation and "color inversion’; 
the analytic notations for these transformations are different). The same ob- 
servation may be made regarding the equivalence of the operation of antirotation 
in complete symmetry and the operation of mirror antirotation in antisymmetry 


- (see table). 
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To help clarify the meaning of the transformations accomplished by the 
operations of complete symmetry we show in the accompanying figure the geometric 
interpretationll (py means of vectors and tensors) of some of the crystallograph- 
ic groups of complete symmetry. This interpretation allows of taking into ac- 
count and discerning the direction of spontaneous polarization in crystals (polar-- 
vector directions represented by a line with one arrow point at the end; see fig- 
ures a, b, e and g), the directions of spontaneous magnetization (axial-vector di-- 
rections represented by sections of a straight line with two like-directed circu- 
lar arrows), etc. 

Thus the generalization adopted in complete symmetry can be applied with 
equal success to the description of different effects (electric, magnetic, opti- 
cal and the like) and, in particular, to description of the symmetry and distinc- 
tive properties of pyro-, ferro and antiferroelectric crystals. 


Institute of Crystallography, 
Academy of Sciences of the USSR 
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ON THE USE OF LEAD AND BARIUM METANIOBATE SOLID SOLUTION PIEZOCERAMICS 
; IN WIDE-BAND FILTERS 
- E.G.Bronnikova, I.M.Larionov, N.D.Mileikovskaya, 
I.G.Smazhevskaya & I.A.Glozman 


Until recently mainly quartz resonators have been used in the USSR and abroad 
for designing piezoelectric filters, while and in a number of cases specifically 
for wide wide-band filters there have been employed resonators of artificially 
grown dipotassium tartrate crystals (in the USSR) and ethylenediamine tartrate 
crystals (in Great Britain and the USA). 

Now, progress in the search for and preparation of new ferroelectric materi- 
als with better time and temperature stability than barium titanate ceramics has 
made it possible to employ a new type of resonator, namely, piezoelectric resona- 
tors, in the design of filters. 

The principal advantages of piezoelectric materials, provided they are stable, 
are the ease with which mechanically strong resonators of different configurations 
can be fabricated and the possibility of designing economical wide-band filters 
without the use of auxiliary elements. 

There have been a number of papersi-3 published abroad on the subject of de- 
signing piezoceramic resonators, piezoelectric transducers and filters. In the 
USA the Clevite Corporation has developed and is marketing under the brand desig- 
nation PZT-6 a ceramic suitable for stable wide-band piezoceramic filters. 

Among the stable piezoelectric materials available in the USSR the most tho- 

_ roughly developed at present are solid solutions of lead and barium niobates* with 
different proportions of lead and barium; these are designated as KNBS 40/60, KNBS 
45/55, etc. depending on the relative proportions of the two niobates. The elec- 

_ tric characteristics of these materials and those of PZT-6 ceramic are listed in 

_ the accompanying table. 

The temperature and time stabilities and the electromechanical coupling co- 
efficients of KNBS type materials are lower than those of PZT-6 ceramic; however, 
the values are sufficiently high for many applications and in particular for inter- 
mediate frequency filters for radio receivers. 

4 Such filters, depending on the class of receiver for which they are intended, 
must have a passband of 7 to 11 ke at a level of 3 db and a minimum damping in the 
attenuation band of 45 to 60 db with a rectangularity coefficient ky, ~ 2 referred 

to the 3 and 60 db levels. The allowable shift of the passband with change of 

_ temperature from 10 to 70° is +1 kc. 

The purpose of the present work was to develop filters with KNBS piezoceramic 

elements meeting these specifications. 

a Of the various known filter circuits the ladder network with L-sections ap- 

pears to be the most expedient for use in conjunction with piezoceramic elements. 

Each section of such a filter consists of two resonators connected into a longi- 

- tudinal and transverse arm as shown in Fig.1. One section allows of obtaining 

Z a symmetrical attenuation characteristic with damping 

peaks at the end frequencies. For obtaining a high 
damping factor in the attenuation band, the attenua- 
tion peaks should be located at frequencies appreci- 
ably removed from the edges of the passband, to which 
end the resonators in the longitudinal and transverse 
arms must differ somewhat from each other. In the 

f case of piezoceramic resonators it is sufficient to 

3 8-disk have the unit parameters differ by only a factor of 

E Eee (t = two; the required attenuation can be eon: by +a 

_ = disk thickness). creasing the number of units. In view o e sna 
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Characteristics of disk resonators 


Electric 


characteristics PZT-6 
Electromechanical 45 
coupling coef- 
ficient, radial 
mode, % 
Dielectric con- 1000 
stant 
Mechanical Q 400 
Aging (as evinced | Calculated; 
by shift of over ~10 
resonance fre- yrs ~0.1% 
quency) 
Temp. coef. (de- < 8°1076 


gree“) in 20 
to 75° range 


3db W5ke 


\ Eee mete oe 


DS 
470 480 40 tke 


Fig.2. Operating characteristic 
of 8-disk piezoceramic filter. 


KNBS 
ares Parameters PZT-6 40/60 
25 Resonant fre- 430 450 
quency, ke 
Dynamic capa- ie: 33 
citance, pF 
1200 
Dynamic induc- 192 4 
tance, mH 
400-800 
Static capaci- 399 410 
Prelimi- tance, pF 
nary 
data for|| Resistance, 14 20-40 
6 mo. ohn 
0.3% 
Q-factor 380 500-300 
40-50- 
*10-6 Resonance inter- 10 3e0 
val, % 


size of piezoceramic resonators the overall di- 
mensions of the filter still remain reasonable. 

To solve the given design problem it proved! 
expedient to use resonators oscillating at the 
radial mode, i.e., disks. Such disks have a 
single resonant frequency and at frequencies 
close to 465 ke (the intermediate frequency in 
most modern radio receivers) have a diameter 
smaller than 6 mm. Efficient filters can be 
assembled of disks of three thicknesses: 0.3, 
0.6 and 1.2 mm, or of two thicknesses: 0.6 and 
1.2 mm with electrodes applied either over the 
entire area or over half the area of the disk. 
The basic electric parameters of disk resona- 
tors of KNBS 40/60 (diameter 5.8 mm, thickness 
0.6 mm) are given in the accompanying table. 

For comparison we also give the characterics 
of disk resonators of PZT-6 (diameter 5 mm, 
thickness 0.5 mm). 

The experimental filters were designed in 
two models: in a flat and in a cylindrical case 
(Fig.3). Each filter consists of a stack of 
disks connected as indicated in the circuit dia- 
gram. The contacts between disks are realized 
by means of silvered copper springs, located be- 
tween the disks. Insulation is provided by | 
plates. 


; 


Fig.3. Prototype 8- and 


7 


4-disk piezoceramic fil- 


ters. 
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By appropriate selection of the resonators on 
the basis of their resonance and antiresonance frequen- 
cies and resonance intervals we succeeded in designing 
four, seven, eight and ten-disk prototype filters with 
one and two end terminals. 

Fig.2 shows the attenuation characteristic of an 
eight-disk filter meeting and technical specifications 
for intermediate-frequency filters for Class 1 receiv- 
ers. The resistance characteristics of such a filter 
from the input and output sides are different, which 
is convenient for matching with transistor amplifier 
stages. 

The attenuation characteristic of the four-disk 
filter falls off sharply after the maxima in the at- 
tenuation band, attaining 25 db. Such a filter can re- 
place the intermediate frequency stage in the pocket 
type receivers now under development. 

The volume of the eight-disk filter shown in Fig. 
3 is 1.57 cm3, the weight is 3.33 g; the volume of the 
four-disk filter is 0.560 cm%, the weight 1.46 g. 


We are also investigating piezoceramic resonators with other modes. The 
practical potentialities of such components depend entirely on success in develop- 
ing a technology for preparation of elements with uniform parameters and on the 
extent of their aging, factors which at present have not been adequately investi- 


gated. 


1. 
2. 
1959, 
Ss 
4. 
(1956). 
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INVESTIGATION OF THE LEVEL DIAGRAM OF wl82 
- V.S.Gvozdev, L.I.Rusinov & Yu.L.Khazov 


With a view to making spin assignments for the high-lying levels of wi82 


we measured the internal conversion coefficients 


tions departin 
of 1lll-day Tal 


The internal conversion spectra were recorded on a nx /2 B-spectrometer. 
radioactive material was obtained by the Tal81(n,y)Tal82 reaction. 


(ICC) of a number of y-transi- 


ten these levels. Excited levels of wl82 are formed in B-decay 


The 
The sources 


were prepared of tantalum oxide, which was deposited on 4 thick aluminum foils. 
To minimize the interference from 5-day Tal83, which forms by the Tal81(n, 
7) Tal82(n,7)Tal83 reaction, the measurements were started 40 days after neutron 


irradiation. 


For investigating the internal conversion electron spectrum below 100 kev 
there was prepared a source having a superficial density of 0.5 mg/cm2; for the 
1000 to 1200 kev electron energy interval we used a 1.7 mg/cm2 source and for the 


820 to 960 kev interval a 13 mg/cm2 source. 
spectra are shown in Figs.1l, 2 & 3. 
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Fig.1. Conversion electron spectrum in the 
energy range from 1080 to 1170 kev. 
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Fig.2. Conversion electron spectrum in the 
energy range from 820 to 960 kev. 


The experimental conversion electron 


In investigating the conver- 
sion electron spectrum there was 
detected a conversion line at 1088.8 
kev (line ain Fig.1). Fora y- 
transition energy of ~1100 kev the 
value of the K/L ratio for all multi- 
pole orders is not less than 3.1,2 
The fact that there was not evinced 
in the conversion spectrum a second 
more intense line that could be 
identified as the K line of the 
same transition gives reason to in- 
fer that the a line is the K line 
of a y-transition of 1158.3 kev 
energy (rather than an L line). 
According to Murray et al3, a y- 
transition of approximately this 
energy arrives at the 100.1 kev 
level of W182, Consequently, the 
departure level of the 1158.3 kev 
transition is located at 1258.4 kev. 
Murray et al3 placed this level at 
1255 kev. The data of Fowler et al4 
are in agreement with our results. 

Our experimental values for 
the K shell ICC for a number of 7- 
transitions in W182 and the theo- 
retical values of the ICC for dif- 
ferent multipole orders according 
to the tables of Sliv & Band® are 
listed in Table 1. The ICC were 
determined by comparing the intensi- 
ties of the conversion electrons 
and y-rays associated with the in- 
vestigated transitions with the in- 
tensity of the conversion electrons 


Table 1 


Internal conversion coefficients and multipole order assignments for the transitions in w182 
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Fig.3. Conversion electron spectrum in the energy 
range from 14 to 23 kev. 


and y-rays of the 1222 kev transition. The multipole 
order of this y-transition is E2 inasmuch as it is a 
2+—»0+ transition; for it we assumed the tabular value 
of 0.0026 for Qx.1 The y-ray intensities followed by 
an asterisk in Table 1 were taken from the work of 
Sumbaev9; the other intensities were taken from the 
report of Voinova, Dzhelepov & Zhukovskii®. 

With a view to more detailed investigation of the 
level scheme of W182 (Fig.4), in addition to the high 
energy y-transitions, we also investigated the 31 kev 
transition. This transition occurs between excited 
levels with energies of 1289 and 1258.4 kev. The 
spectrum of the L shell conversion electrons associ- 
ated with this transition is shown in Fig.3. The 
(Ly + Lyy)/Lyyzyz ratio for this transition proved to 
be 2.1 + 0.1. The theoretical values of the (Ly + 
+ Lyy)/Lyzz ratio for El, E2, E3, Ml, M2 and M3 type 
transitions are 1.65, 0.88, 0.88, 89, 2.1 and 0.2, 
respectively. 2 Consequently, the 31 kev transition 
is M2. 

It will be evident from the results listed in 
Table 1 that the 929 and 1158.3 kev transitions are 
both E2. On the basis of these data and the inferred | 
multipole order of the 31 kev transition it must be 
concluded that the 1258.4 kev level has even rather 
than odd parity, as assumed by Murray et al3, The 
assignment for this level must be either 2+ or 3+. 
The 2+ assignment is more probable inasmuch as the 
intensity of the 1258.4 kev cross-over transition 
to the ground state is not more than 2-3 times lower 


| 
than the intensity of the 1158.3 kev transition. ) 
| 
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Table 2 
Comparison of the experimental and theoretical ratios of the reduced 


probabilities for y-transitions from common levels 


Common aec= ry¥—transi— 2 i . : Theoretical Bl Ke) ratios* 
parture level,|tion ener- Spin & pari. i% “BU ES) F “eae 
cnergy and = by Oueeeune, zs acc. to acc. Alaga's rule 
Saeco ; gy, kev stat ratio : 
spin & parity | poe’ Davydov Ra0. \eiesl | R23 
ae 893 Ar <0,06 On? Zocor ded4onOnO7 
2 1122 + 1785 20 1,431.0,36 14,43 
i 1222 Oe 1:0 1/0 10 11.0 |1.0 
1332 1003 A+ 0,63 0.8 0 “Wo se 0 
3 1232 2+ 1,0 1,0 Os Thao! 1470 
1258,4 929 jt 1°55 T=2.0,4 o\48. 3,03. 10.049 
2 de T=350-,6 0) 25) 0,4 
2t #158 33 Die 1,0 == AO) Oe 150 iL (0 
P= 360n i) Syl omen.0 


*The reduced probability fi i iti i 
e i y for the highest energy t t 
each group is taken-as unity. ; RS sae hase 


ae From the internal conversion electron 


Pg Siete . intensity ratios and the multipole orders 
: of the y-transitions listed in Table 1 one 
can calculate the ratio of the reduced 
1961 Leta i( Gg) probabilities B(E2) for the y-transitions 
“fen Sot catalase a x departing from common levels, namely, for 
1810 ——(e")} 9 the 929 and 1158.3 kev transitions depart- 
Ne ing from the 1258.4 kev level, the 1003 
See a and 1232 kev transitions from the 1332 kev 
X = (47) level, and the 1122 and 1222 kev transi- 
= 5) eS 7) tions from the 1222 kev level. Since a 
(3) transition of 893 kev energy from the 1222 
(3/  , kev level has not been observed, for it 
oy " we give only the upper bound of the re- 
9+ 9 duced probability ratio. In addition to 
0* @ the experimentally deduced reduced proba- 
bility ratios, in Table 2 we also list 
es fi $s ¢+ 9 the theoretical ratios calculated accord- 
960 1158.3 ing to the data of Davydov & Filippov? »® 
| 


4* 0 and by means of Alaga's rule9. In Table 
2 the reduced probability B(E2) for the 


Bee A 7 
je ag highest energy y-transition in each group 
r is taken as unity. 


As will be evident from Table 2, the 
Fig.4. Level diagram for w182, experimental values of the B(E2) ratios 
for the 1122 and 1222 kev and the 1003 and 


) 1232 kev transitions agree with the theoretical values calculated according to the 


data of Davydov & Filippov. For the 893 kev transition, however, there is a sub- 
stantial divergence. This gives reason to question Davydov's inference that the 


1222 kev level is a rotational level of a nonaxial nucleus. 


Comparison of the experimental B(E2) ratios with the ratios for the same 7- 


transitions calculated according to Alaga's rule shows that best agreement of 
theory with experiment obtains if one assumes K = 2 for the 1222 and 1332 kev 
levels. From the standpoint of the unified model, excited nuclear states with 
energies 31 Mev with I = K = 2t are interpreted as y-vibrational states. In 
the case of wi82 such an excited state is the level at 1222 kev (I = 2+, K = 2+). 


- 1442 - 


The excited level at 1332 kev (I = 3+, K = 2+) should then be interpreted as the 
first rotational state of a band based on the 1222 kev level. The higher rota- 
tional states of this band should have spins AR oT. i 

Comparison of the experimental B(E2) ratios and the ratios calculated accord-- 
ing to Davydov & Filippov for the 929 and 1158.3 kev y-transitions indicates that 
the level at 1258.4 kev cannot be regarded as a rotational level of a nonaxial 
nucleus. Comparison of the experimental values with the results of calculations 
according to Alaga's rule gives reason to choose the assignments I = 2 and K = 0 
for this level. On the basis of these values of I and K and the B(E2) ratios for 
the 929 and 1158.3 kev transitions, the 1258.4 kev level must be regarded as the 
first rotational level of a band based on a B-vibrational level with I = Ot and 
K = Ot. The following excited levels of this band should have spins Ar 6c 
Gallagher & Rasmussenl0 indicate that in wl82 there is an excited level with an 
energy of 1500.8 kev (I = 4+). If we assume that this level is the next rota- 
tional level of the hypothesized band, one can calculate the energies of the lev- 
els with spins Ot and 6+. Such calculations yielded values of 1154.4 and 1882.4 
kev, respectively. No level with an energy of 1154,4 kev was detected either by 
Gallagher & Rasmussen!9 or in our work; this may be explained by the low proba- 
bility for its formation in K capture in Rel82 and B-decay of Ta182, and also as 
a result of cascade y-transitions in w182, 

Gallagher & Rasmussenl0 observed in wi82 excited levels with energies of 
1810.1 (6+) and 1961.3 kev (spin 6). One of these levels (probably the former) 
may tentatively be identified as the 6+ rotational level of the hypothesized band.. 

We take pleasure in acknowledging our gratitude to D.A.Varshalovich for valu-- 
able discussions. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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INVESTIGATION OF Bi212_+po212 pecay By MEANS OF a-y AND y-y COINCIDENCES 
- Yu.P.Gangrskii, G.M.Gusinskii & I.Kh.Lemberg 


Polonium 212 (ThC') is of great interest from the standpoint of nuclear spec- 
troscopy inasmuch as this nucleus has two protons and two neutrons outside the 
closed shells. Investigation of the levels of Po212, however, presents great dif- 
ficulties. This nucleus is Q-active with a period of 3°1077 sec; consequently 
for investigating it one cannot use a number of the usual techniques such as Cote 
lomb excitation, resonance scattering and inelastic neutron scattering. 


A natural source of informa- 


teem en 06 & 20 tion is B-decay of Bi21l2 (Thc), 
which goes both to the ground 
ep 1900 Le? state and to a number of excited 
states of Po212, In addition to 
1620,5 $2 °° ———_—____1+++-—_—- gg. 2* B-decay, however, Bi212 also under- 
goes Q-decay, converting to 71208 
et 125 42 Ses pape al #*2+ which in turn decays to Pb208, 
the y- and B-spectra of Bi212 are 


very complex (over 20 y-lines and 


2 rte 
fs 720 2° more than 10 ®-transitions) , while 
the y-lines associated with P0212 
sal oa Pome got are of comparatively low intensi- 
eee res pat i ty, inasmuch as the B-decay of 
a b Bi212 proceeds mainly to the 
Fig.1. Level diagrams for Po212; a) diagram ground state of Po212, Conse- 
given by Sergeev et all, b) diagram according quently, despite the large number 
to Burde & Rozner”. of investigations devoted to Bi2l2 | 


the level scheme for Po2!2 has not 
yet been definitively established. In recent reports devoted to the subject there 
are reproduced level schemes differing markedly from each other. Fig.1,a shows 
the level scheme for Po212 obtained by Sergeev et all as the result of investiga- 
tion of the conversion electron spectrum of Bi212; Fig.1,b gives a diagram of the 
levels evinced, according to Burde & Rozner?, in f-decay of Bi212, It will be 
evident that there is good agreement only for two levels, namely, ~727 and 1800 
kev. Some information can be gained from investigation of the long-range AQ-parti- 
cles from Po212, Rytz3 observed three groups of long-range O-particles with ener- 
gies of 9.488, 10.417 and 10.536 Mev. Inasmuch as the energy of the Q-particles. 
from the ground state of Po212 is 8.777 Mev, the above mentioned O-particle groups 
must be emitted from levels at 727, 1678 and 1800 kev. 


Investigation of Q-y and 7-7 coincidences 


In investigating the y-spectrum of Bi212 we utilized the fact that the daugh- 
ter isotope, Po212, has a very short period - 3°10-7 sec. The lowest energy of 
the Q-particles emitted by P0212 is 8.78 Mev, so that its Q-particles can readily 
be separated from the O-particles emitted by pi212, the energy of which does not 
exceed 6.09 Mev. Consequently, the y-rays emitted from excited levels of Po212 
will exhibit coincidences with Q-particles from this nucleus. In our work we in- 
vestigated the spectrum of Bi212 y-rays coinciding in time with the 8.78 Mev Q- 
particles. The resolving time of our coincidence circuit was 2-10-6 sec, which 
is seven times longer than the lifetime of P0212 | so that the coincidence detect- 
ing efficiency was close to 100%. The Q-particles were detected by a 2 mm thick 
CsI(T1) crystal; the y-rays by a 40 x 40 mm Nal(T1) crystal. The a-7 colmaideyce 
spectrum recorded by means of a 52-channel pulse height analyzer is shown in Fig.2. 
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Fig.2. y-Rays of Bi21l2 yielding coincidences with 8.78 Mev Q-particles: a) 500 to 
1200 kev region, b) 1200 to 2600 kev region. 
Fig.3. Singles y-spectrum of Bi212; a) 500 to 1200 kev region, b) 1200 
to 2600 kev region. 


For comparison in Fig.3 we show the y-spectrum of Bi212 recorded on a single scin- 
tillation spectrometer. It will be evident from Fig.2 that by means of the Q-y 
coincidence procedure one can clearly separate four lines of Po2l2 with energies 
Role y 893, 1073 and 1620 kev from the background of the complex y-spectrum of 
Bi212, 

We also investigated the spectrum of y-rays in coincidence with the 727 kev 
gammas (Fig.4). In this spectrum there appear y-lines with energies of 585, 727, 
786, 860, 893, 952 and 1073 kev. Obviously, not all these lines belong to Po212 
inasmuch as the 727 kev line on which the discriminator channel was set appears 
against the background of the rather in- 
tense 2614 kev line belonging to Pb208, 
Consequently, some of the detected y- 
transitions occur in Pb298, [To check 
this, the discriminator gate was set at 
1200 kev. In the resultant spectrum (Fig. 
5) there appear lines with energies of 
586 and 860 kev which obviously belong 
to Pb208, The other y-lines do not ap- 
pear in this spectrum; hence they may be 
REGAN wen attributed to Po212, Knowing the effici- 
tLt/ LL ANO 3 ency of the NaI(T1) crystal for detecting 
20 30 40 50 y-rays of different energies, we could 

readily determine the intensity of the 
Fig.4. Spectrum of y-rays yielding co- 786, 893, 952 and 1073 kev lines relative 
incidences with the 727 kev y-rays of to the 727 kev line. These data are given 

P0212, in Table 1. We could also readily calcu- . 


1000 


yf 
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. tebles 1 Table 2 
Energies and intensities of y-rays Intensities of Bi212 6-spectrum 
corresponding to transitions in Po212 components 
Intensity | No.of yY— R_dec: Arrival | 
Bere relative | rays per en levels Tens log ft 
rao! to 727 kev |} 100 dééays kev kev sity, % oS 
aioe Gerster —— 
786 10 | 4523 727 8,35 7,6 
ae 9 092 738 1513 1 7,4 
ae 1s 045 630 1620 Da) 6.8 
1073 5 0.5 571 1679 0,15 7,9 
Table 3 


Conversion coefficients and multipole orders of the transitions in Po212 


RR 


Intensity per a 
Transition 100 anes ®theo Multi- 
Shemey Sino. es at Oe pole 
ner Ue is oS oF EA Mi E2 M2 order 
727 0,4 10 0,01 0,0036 | 0,035 0,0096 | 0,084 ee 
786 0,05 1,0 0,05 0,0030 | 0,034 0,009 0,08 Mt 
893 0,014 0,2 0,07 0,0025 | 0,020 0,0075 | 0,06 a 
952 0,01 0,45 0,07 0,0020 | 0,018 (00604) 0,05 a1. == 
1073 0,006 0,5 0,01 0,0018 | 0,016 0,0056 | 0,038 | #241 
1620 0,013 2,0 QOO65ia} OpO04d oo.+ O,.0057-A nO 0027, ai 0013 M1 
late the number of y-rays of given energy per 
decay, i.e., per Q-particle, from the simple 
relationship 
ie es 
Vow in tee 
J where iV,, is the number of y-rays of given 
; ay energy emitted by Bi212, N., is the number of 
My ei 586 KEV — | I § 
| Ny- | a0 | | Q-particles emitted by Po212, Vv, is the number 
eh ‘0 <a of Q-particles detected, ,, is the number of 
“0h | | \ K \ | y-rays of given energy detected in coincidences 
I pee? | \. | with the O-particles, and «, is the efficiency 
E | 
£000 IH are baa | in detecting the y-rays of given energy. The 
O Pit a | _oyreseyese+> values of JN,,/N.z, for all the y-rays are also 
20 dl td i listed in Table l. 


. Using these data one can readily construct 

 Fig.5. Spectrum of y-rays yield- the level diagram for Po212; the 727 kev y-rays, 

_ ing coincidences with ~1200 kev being the most intense and yielding coinciden- 
y-rays. ces with the other y-rays, presumably corre- 

spond to the transition from the first level 

of Po212 to the ground state. The 786, 893, 952 and 1073 kev y-rays correspond 

to transitions from levels at 1513, 1620, 1679 and 1800 to the first level at 727 

kev; the 1620 kev line corresponds to a cross-over transition from the 1620 kev 

- level to the ground state. The levels deduced in this manner are in complete 

ws agreement with the levels reported by Sergeev et all (Fig.1,a), but do not corre- 

spond to the levels inferred from the work of Burde & Rozner2 (Fig.1,b). 


Zz Knowing the number of y-rays per decay one can readily determine the frac- 


tion of B-transitions to the corresponding levels of Po212, These data are listed 
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in Table 2. All the log ft values are of the same order of magnitude and corre- 
spond to first forbidden B-transitions. Such transitions involve a change in . 
parity and a change in spin not exceeding two units (AI S$ 2, yes). Itis known 
that the ground state spin of Bi212 is 1-. Hence the assignment for the excited 
levels of Po212 may be OF, 1+, 2+ or 3t. 

The relative intensities of the lines in the conversion electron spectrum 
of Po212 are given in the work of Sergeev et al. Using these in conjunction with 
the relative intensities of the y-rays determined in the present investigation, 
we could readily calculate the conversion coefficients for the transitions in 
Po212, The values of the conversion coefficients found in this manner together 
with the theoretical values for different multipole orders as given in the tables 
of Sliv and Band® are listed in Table 3. 

From a comparison of the experimental conversion coefficients with the theo- 
retical ones, it is evident that the 727 kev transition is E2; the 1073 kev transi. 
tion is a mixture of E2 and Ml and the 786 and 1620 kev transitions are both Ml. 
The values of Ox for the 893 and 952 kev transitions involve a great uncertainty 
inasmuch as the corresponding y-rays are the least intense in the spectrun. Con- 
sequently, one cannot safely make multipole order assignments for these transition: 
on the basis of the experimental Oy values. 


Investigation of y-y angular correlation 


With a view to determining the level spins and transition multipolarities 
we investigated the angular correlation of the 786—727 and 1073—727 kev cascade 
y-rays. The experimental set-up consisted of two scintillation counters with 40 x: 
x 40 NaIl(T1) crystals coupled to FEU-11 photomultipliers connected to a fast-slow 
coincidence circuit with a resolving time of 2-10-8 sec. The side surfaces of 
the crystals were covered with 1 cm lead in order to shield the crystals from 
scattered y-rays. The front faces of the crystals were located at a distance of 
70 mm from the source. The angular resolution of the counters (half-width of the 
annihilation line with a Zn®5 source) was 25°. 

In investigating the 786—727 kev cascade, the position of the discriminator 
channel (channel No.1) was the same for both counters (Fig.4). It will be evi- 
dent from Fig.4 that about half the spectrum is occupied by the integral 727—786 
kev peak, while the other half is taken up by the background from the 860, 893, 
952, 1073 and 2614 kev y-lines. Under these conditions, the contribution from 
these higher energy y-rays distorts the angular correlation of the y-rays of 
interest to us. 

In order to allow for this contribution we used a third discriminator, the 
channel of which (channel 2) was set so that it would receive sections of the 
photopeaks or Compton distributions of the background y-lines, Inasmuch as their 
intensities in both channels were approximately equal, the difference between the 
number of coincidences in channels Nos.1l and 2 represented the sought effect. 

In investigating the 1073—-727 kev cascade, the channel of one discriminator 
was set on the 727 kev line (channel No.1), while the other was set on the 1073 
kev y-line (channel No.3). It will be evident from Fig.4 that the 1073 kev y-line 
appears against a background equal to the effect. 

Hence, as in the preceding case, the channel of the third discriminator was 
set to the right of the 1073 kev peak and the sought effect determined as the 
difference between the number of coincidences in these channels. 
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"90 120 150 v° 180 ay ey 60 v° 160 
Fig.7 


Fig.6. y-y angular correlation; 786—727 kev cascade. The curves are plotted for 
2—2—0 type transitions: 1) 8=0, 2) 8s= -0.05, 3) 6 = -0.1, 4) 8 = -0.125. 
Fig.7. y-y angular correlation; 1073—727 kev cascade. The curves are 
plotted for 2—2—0 type transitions: 1) 5 = 2, 2) & = 2.5, 3) 8 = 3, 
4) 2552083 5565) cSea05) 


The results of the y-y angular correlation measurements are shown in Figs. 
6&7. It follows from the value of the conversion coefficients for the 727 kev 
transition and the systematics of the first levels of even-even nuclei that the 
assignment for the 727 kev level is 2+. It follows from the probabilities for 
B-transitions to the 1513 and 1800 kev levels that the spins of these levels can 
have the values 0+, 1+, 2+ and 3+. It is known that long-range Q-particles are 
emitted from the 1800 kev level; consequently, in view of conservation of total 
angular momentum and parity in Q-decay one can eliminate the second and last pos- 
sibilities so there remain only the assignments 0+ and 2+. 

For purposes of comparison with the experimental results there were calcu- 
lated, according to the data of Biedenharm & Rose®, the theoretical y-y angular 
correlation functions 


W (8) = 1 + coBadg- Po (cos B) + 48404 Pa (Cos 9), 


where the P,,(cost) are Legendre polynomials, a,, are the polynomial coefficients, 
and a,, and fs are correction coefficients for the angular resolution of both 
counters. The coefficients o,, and {,, were calculated by the method described 
by Alkhazov et al’. The | (0) functions were calculated for the spin sequences 
0—2—0, 1—2—0, 2—2—0 and 3—2—0. In the first case both transitions are 
E2, while in the other cases the first transition may be E2, Ml or a mixture of 
E2 +Ml. In these cases the functions were calculated for pure E2 and Ml transi- 
tions and for a mixture. As will be evident from Figs.6 & 7, comparison of the 
calculated W (%) functions with the experimental data shows that the spin sequence 
consistent with the 786—727 kev cascade is 2—2—0. The 786 kev transition is 
mixed with an E2 to Ml intensity ratio characterized by 82 = 0.01 + 0,005, and 

6 <0. The spin sequence corresponding to the 1073—727 cascade is 2—2—0O with 
the mixture being characterized by 82 = 10 + 6 and 8 > 0. The experimental data 
for both cascades cannot be reconciled with spin sequences 1—2—0 or 3-——-2—0 
for any values of 56. Thus as a result of our investigation of the 7-7 angular 
correlation it may be concluded that the assignment for the 1512 and 1800 kev 
levels is 2+. The cascade transition from the 1512 kev level is mainly Ml (E2 < 
< 1%), while the transition from the 1800 kev level is mainly E2 (Ml ~ 10%). 


~ 1448 - 


Level lifetimes 


The lifetimes of the levels from which Q-particles are emitted can be evalu- 


ated on the basis of the data on the long-range Q-particles. The number of y-rays 


or Q-particles emitted from a given level is inversely prop 


there Ny is the number of y-rays and Ng is the number of Q-particles emitted, and 
Ty and T,, are the partial y-decay and Q-decay lifetimes of the level. Usually, 
Ny > Ng, hence T <t,, and the lifetime of the level as a whole is determined by 
ty. The values of Ty can be found from the Q-spectrum systematics. For transi- 
tions between the ground states of even-even nuclei the variation of Ty with the 
Q-decay energy Eq is a smooth function, inasmuch as in this case the spin does 
not change and there are no factors speeding up or retarding the decay. In our 
case long-range Q-particles are emitted from excited levels of Po212 and the 
change in spin is 2. Rasmussen® , however, systematized transitions with AI = 2 
and showed that in this case the probability for Q-decay is close to the proba- 
bility for Q-decay between ground states, i.e., without change of spin. Hence, 


ortional to the partial 
lifetime of the level with respect to the given type of decay, i.e., Ny/Ny = T/T y 


i 


for determining Tq one can use the values of Eq for transitions between the grounc 


states of even-even nuclei. We found the values of Tq from the rectilinear plot 
of log Tg = (o//Eq) + >- The calculated values of Tq and Ty are given in Table 
4. For the Q-particle groups emitted from the 1512 and 1620 kev levels there are 
given the upper bounds for the intensity (1.7 Q-particles per 106 decays); hence 
for these levels we list only the upper bounds of their lifetimes. 

The measured lifetimes may be compared with the lifetimes calculated accord- 
ing to the single-particle model. The values of T., calculated for different 
transition multipolarities are listed in Table 5. 


Table 4 Table 5 
Lifetimes tT of the excited states Calculated values of ty for 
of Po212 different multipole orders 
> Mnergy, kev Ty, SEC 
Level, = N < ,secl 7, sec 
kev a ss * Ns Level [Trans #1 Mi E 
= | 
727 | 9,700 35-10-8| 7-10-® | 2,5-40-22 A202 5-40-16 | 1,4-1079 | 55-4044 
1512 | 10,480 |<1,7-10-8| 6-40-10] <1{0-18 1512 | 786 4<10-18 | 077-10 38 aA Ose 
1620 | 10,590 |<1,7-10-8| 2-40-10] <40-14 1620 | .893 | 2,5-104¢| 035-1039)" 2-10- 
1679 |10,650|  20-10-8} 40-10] 1,3-10-22 1620 | 0,5-10-16| 0,8-10-24 | 1,4 -410-12 
1800 |10,780| 170-10-8}6-40-11| 2.40-12 1679 | 952 2-10-26 | 0,4-10-18 | 41,4.10-42 
1800 | 1073 |1,5-10-16 |0,3-10-48 8-10-12 


It was found from the y-y angular correlation data and the values of the 
conversion coefficient that the 727 kev transition is E2. From a comparison of 
experimental and theoretical values of Ty it will be evident that this transition 
is speeded up by a factor of 20, which is characteristic of transitions from the 
first levels of even-even nuclei. The measured lifetimes of the 1679 and 1800 
kev levels are in agreement with the theoretical lifetimes calculated on the as- 
sumption that the transitions from these levels to the first level are E2. For 
the 1512 and 1620 kev levels the upper bounds for the lifetimes are in agreement 
with the theoretical values arrived at on the assumption that from the 1512 kev 
level there occurs an Ml cascade transition and from the 1620 kev level an Ml 
cross-over transition. 
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Discussion 


The assignments for the excited states of Po#l2 can be arrived at on the 
basis of four independent groups of data: 

1) the log ft values for transitions to the excited levels of P0212 

2) the values of the conversion coefficients, 

3) the results of Y-yY angular correlation measurements 

4) from the level lifetimes. 

It follows from all four groups of data that the assignment for the first 
excited level (727 kev) is 2+. ‘The spin of the second level (1513 kev) on the 
basis of the y-y angular correlation data appears to be 2+, and the cascade transi- 
tion from this level to the ground state is mainly Ml, which is substantiated by 
the values of the conversion coefficient and the lifetime of the level. The cross- 
over transition from this level to the ground state was not detected in our experi- 
ments; its probability is less than 30% of the probability for the cascade transi- 
tion. The assignment for the 1620 kev level is apparently 1+ inasmuch as from 
the value of the conversion coefficient for the transition from this level to the 
ground state it follows that this transition is Ml. This spin value is also sub- 
stantiated by the absence of long-range Q-particles from this level. Above we 
noted that in view of conservation of total angular momentum and parity Q-decay 
to the ground state of Pb208 (0+) can depart only from levels having even spin 
and even parity. The assignment for the 1679 kev level may be 0+ or 2+, inas- 
much as from this level there are emitted long-range Q-particles; the experimental 
lifetime substantiates these spin values. Lastly, the spin and parity of the 
1800 kev level are 2+. This follows from the y-y angular correlation data, from 
the values of the conversion coefficient for the cascade transition leaving this 
level, and from the experimental lifetime of this state. 

The Bi212-,po212 decay scheme constructed on the basis of the above described 
data is shown in Fig. 8 with the inferred level spins and lifetimes. On the whole 
our data substantiate the level scheme for Po21l2 proposed by Sergeev et alt, and 
are in conflict with the results of Burde & Rozner2, who investigated B-y coinci- 


_dences, and the results of Chinaglia & Demichelis?, who measured Q-y and 7-7 co- 


incidences. The Q-y coincidence spectrum according to Chinaglia & Demichelis con- 
tains mainly the same lines as those observed in our work except for a 2200 kev 
line which we did not detect; Chinaglia & Demichelis carried out their 7-y coinci- 
dence measurements by means of 
es integral discriminators so that 
~ the contribution from background 
lines was very appreciable. More- 
over, these authors used a radio- 
thorium source which may have been 
contaminated. In view of this the 
level scheme for Po212 proposed 
by Chinaglia & Demichelis is open 


(800 2° 2-10'“see 


1679 (0+27) 1,3:10°"’see 


1620 1° “<0 sec to question. 
We desire to express our 
1519 2@* «<10"“sec gratitude to A.P.Grinberg for as- 
sistance in calculating the theo- 
Vie ee ab 0 AseC retical correlation functions for 
different spins and different 


Z le order mixtures. 
7, 0* 3:10 sec multipole 


Physical-Technical Institute, 
Fig.8. Decay scheme for Bi212, Academy of Sciences of the USSR 
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RELATIVE INTENSITIES OF Lul70 AND Lul72 CONVERSION ELECTRONS 
- V.V.Tuchkevich, V.A.Romanov & M.G.Iodko 


Investigation of the levels of Yb!70 and Yb172 is of considerable interest 
in view of the possibility of gaining information concerning excited levels above 
1 Mev in even-even nuclei. The radiations from Lul70 and Lul?2 have been investi- 
gated by several authors!-8 , who studied the internal conversion electron spectra 
and also the y-spectra with a scintillation spectrometer. The transition energies 
obtained were used by Romanov et al4 to construct the decay scheme for Lul72, 

We measured the relative intensities of the conversion lines on a double- 
focusing spectrometer with a resolution of 0.25-0.35% and a solid angle of 0.1-0.2% 
4x. Our source, which measured 5 x 1 mm, was the lutetium fraction separated from 
a tantalum target bombarded with 660 Mev protons. 

1. Lul72, Using the relative intensities of the Lul?72 conversion lines ob- 
tained in our measurements and the relative y-ray intensities reported by Dillman 
et al2, one can calculate the internal conversion coefficients for a number of 
transitions and make multipole order assignments. Of course, the internal conver- 
sion coefficients evaluated in this manner must be treated with caution because 
the relative intensities of the y-rays were measured on a scintillation spectro- 
meter, an instrument with poor resolution, while the spectrum of lutetium is very 
complicated. 


Ly”? (~6.7 day) Table 1 gives the energies and rela- 
/ tive intensities of the Lul72 conversion 
/ lines, the energies and relative intensi- 
ties of the y-rays taken from Dillman et 
129f al2, and the calculated internal conver- 
2072 sion coefficients. The error in determin- 
ing the relative intensities is estimated 
to be ~10% for the strong conversion lines, 
sae (4) and appreciably greater for the weak lines. 
1749 (3) The uncertainty in the energies of conver- 
1662 (2) sion lines for transitions up to 1 Mev 
S524 energy is ~0.1%; for transitions with 
energies >1 Mev the uncertainty attains 
1975 0.3-0.5%. The relative intensities are 
oe 0% normalized to the L shell conversion co- 
et ee efficient Q;, of the 181.6 kev transition. 


The value of 04, in this case was found by 
interpolation of data in the tables of 
Sliv and Band9. 

The level diagram for Ybl?72, includ- 
ing some additions to and minor modifica- 
tions of the scheme elaborated by Romanov 
et al4, is given in Fig.1. Owing to the 
fact that the multipole orders of most of 
the transitions can be determined accurate- 
ly, it is very difficult to analyze the 
level scheme. Nevertheless, it seems to 
us that an attempt should be made, because 
even a very rough analysis can bring out 
the existence of discrepancies between 

ad the level diagram and theoretical results 
and show which experimental data stand in 
Fig.1. Decay scheme for Lut?2, need of checking and refinement. 
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Table 1 


Transition energies, conversion line intensities and conversion coefficients 
for transitions in Yb172 


ead Intcnsi- ae 
E, kev Ty ip Ty er, Brel oo in aK —— 

2, kev lq units 
78,7 1300-100] 2700+60 | 700+100 | 79+2 1557 § 0,849 9) 9 4830 
90,6 500-30 600 140-10 = sn skeen el ea 0 
112,3 a: 100 2545 | 11343 750 | = ~130 
181,6 195-L5 100 | 24,5+0,5| 1815 806 | 0,24 1400 
203'3 | 36,5-£0,8 | 11,1+0,3] 5,8+0,3 | 20345 | 528 | 6,9(—2) 310 
269,8 | 43,3+0,4 | 2,30,2] <1,7 — a ae a 
279,5 4,5 of = = a ~T4 
ee ce 1,7-+0,1 0,8 393 * capehelnee S 
323,8 8164-075 by ae ‘ 5 = ae ee. 
37253 6,3+0,1 * — 370-45 556 | 4,4(—2)) (560) 
377,4 2 == = ze es 2 
399,6 1,9+0,2 = a — we apatites - 
410,3 4,9-£0,3 1,3 = > — — 
482,1 feo A 0,7 be -- qe! RS se 
485,8 1,2-0,15 = = a — 9 | oe [30-4220 
527,9 4,5+0,2 1,4-+0,2 — 525410 528 | 8,5(—3)} (530) - 
539,7 7 0,3 — en ae i 60-360 
576,6 0,5 es = a! = = 20-+-120 
594,0 0,74 = = = = = ~200 
626 ,4 1,6-+0,2 0,4 = = = ye 
630 ,0 0,65 <0,58 — = = — 4 330-200 
696 ,7 3,6-+0,3 0,8-+40,4 0,38 — — a — 
809, 4 6, 2-+0,2 1,2+0,1 0,47 | 82047 258 | 2,4(—2)| (260) 
815,6 0,71 = cs = = ee — 
899,9 | 10,1+-0,2 1-092 0,36 | 900+5 722 | 1,4(—2)} (720) 
9112 3,0-+40,4 0,54 0,2 = 3 ad 155—1960 
9281 1,2 = = Se aS: a: as 
986,3 O14 eee 2 — = = ot a 
4002 0,9-+0,2 <0 _ = = = 62—760 
1094 Tooae0,2 1,4+0,1 — |1090+10] 1446 | 5,0(—3) | 590—6580 
1113 0,54] <0,40 -- — ~ = = 


*The indicated uncertainties characterize the reproducibility of the results 
in different series of measurements. 
**The intensities in parentheses are taken from Dillman et al2, 


The first two levels of the first rotational band of Yb!72 - 78.7 kev (2+) 
and 260.3 kev (4+) - are well known. The energy ratio E4+/Eo54 = 3.31 is consis- 
tent with the ratios observed for nuclei in this Z region. The 6+ level should 
be located at ~550 kev, i.e., the transition from this state to the 4+ state 
should have an energy of ~290 kev. The Lul72 spectrum does include a 279.5 kev 
y-transition. The ratio (K/L) exp ~ 4 is somewhat larger than the theoretical 
ratio for an E2 transition (2.9); however, the error in determining K/L can be 
quite large because the transition is comparatively weak. If the 279.5 kev tran- 
sition does occur between levels of the first rotational band, the energy of the 
inferred 6+ level must be 539.8 kev, and Eg;/Eo, = 6.88. 

The second rotational band is based on the level at 1172 kev. The experi- 
mental ratio of the energies of the first levels in this band is 2.44. Inasmuch 
as there are cross-over transitions between these levels, the energy ratio can be 
established quite accurately. The theoretical values of the ratios as calculated 
by means of the formula 


E=E°4 EMU + 1+ EO U E+ 1)P 
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Bree creat ssi for K = 2, 2.23 for K = 3, and 2.19 for K = 4), indicate 
P e quantum number for this band is K = 3. A 911 kev and a 
1094 kev transition are observed from the 1172 kev level to levels of the rota- 
tional band based on the ground state. 

It is difficult to establish the multipole orders of the transitions. For 
the 911 kev transition we know only that (K/L) exp = 5.6, and in this energy re- 
gion the ratio K/L is insensitive to a change in multipole order. 

For the 1094 kev transition Q_ calculated on the basis of our data and those 
of Dillman et al is 510-3. The following theoretical values of Q, for transi- 
tions of this energy were obtained by interpolation of the tables of Sliv & Band?: 
1.1-10-3(E1), 2.6°1073 (E2), 5.4-10-3 (£3), 4.9-10-3 (M1), 1.2-1072 (m2), 2.3-10-2 
(M3). Thus the values of Qy do not exclude E2, E3, Ml, Ml + E2 and El + M2. This 
does not conflict with the inference that K = 3 for the second rotational band; 
in this case the transitions should be either Ml + E2 or El + M2. The K = 2 as- 
signment for the second rotational band is also excluded because there is a transi- 
tion from the 1172 kev level to the 260.3 kev level but no transition of detect- 
able intensity to the ground state. For K = 2 the transition intensity to the 


ground state should be appreciable, since the ratio of the reduced transition 
probabilities is 


On the other hand, for K = 3, the intensity of the transitions to the ground state 
should be low. 

The spins of the 1263 and 1375 kev levels are clearly 4 and 5, respectively, 
and the parity is the same as that of the 1172 kev level. The 90.6 kev transition 
is of the Ml + E2 type; in the work of Ref.3 we evaluated the mixture as 30% Ml + 
+ 70% E2. In addition to the 90.6 kev transition from the 1263 kev level, there 
is a rather weak 1002 kev transition from this level to the 4+ level of the ground 
state rotational band, which is not in conflict with the inferred spin values. 
From the 1375 level there depart transitions of 112.3 and 203.3 kev and possibly 
a 1113 kev transition (this 1113 kev value is some 2 kev less than the value given 
‘by the difference between the level energies). The 203.3 kev transition is E2; 

the 112.3 kev transition is obviously mixed Ml + E2. In our experiments there 
were superposed on the conversion lines associated with this transition some 
stronger lines from the decay of other isotopes. Therefore in this case it is ex- 
pedient to use the data of Mihelich, Harmatz and Handley§. From the (Ly + Lyyz)/ 
/LIII ratio given by these authors it follows that this transition is mainly E2 
and that the admixture - if any - of Ml is minor. 

It may be assumed that the 1662, 1749 and 1857 kev levels form a third rota- 
tional band. No direct transitions between levels of this rotational band are 
observed; consequently, it is impossible to establish unambiguously the value of 
X for this band from the experimental ratio of the level energies (equal to 2.26). 
The possible values are K = 2 and K = 3. Tentatively assuming these values, we 
» can evaluate the relative intensities of the transitions from the levels of this 
rotational band to the levels of the second rotational band. Two transitions of 

relatively low intensity are observed from the 1662 kev level: 399.6 and 490.0 kev. 
“We were unable to detect any of the L lines associated with these transitions. The 
multipole orders of the transitions are unknown. Table 2 lists the theoretical 
values of the intensity ratios calculated according to Alaga et al10 and the ex- 
perimental ratios assuming different multipole orders. For K = 2 and I = 2, the 
_ intensity ratio agrees with the theoretical value for a reasonable mixture of 
multipole orders (~70% El + 30% M2). For quantum numbers K = 3 and I = 3, we ob- 
tain a factor of 2 divergence between the experimental and calculated intensity 


« ratios. 


4q 


“he 
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Table 2 


Comparison of the experimental and theoreti- 
cal intensity ratios of the y-transitions 


from the 1662 kev level. ; 


There are transitions of 
485.8 and 576.6 kev energy from 
the 1749 kev level. Assuming 
that this level is a member of 
the third rotational band, we can 


Quantum pt | ot! alculate the relative intensi- 
shes (Ren heo | esi A of the transitions. 
Iy,M2 I,M2 It will be evident from 
SE Va dene (MiG re Tables 2,3 & 4 that in all cases 
Ty, E41 the relative intensities of tran- 
3) les Talla seta Ty, EA : sitions from the levels of this 
IyEt oy 44 ile oe rotational band agree with theory 
Keo esas best for K = 2. 
K and I are not known for 
Table 3 the 1802 kev level. There are 


six transitions from the 2072 kev 
level to the levels of the second 
and third rotational bands. The 

values of OQ for the 899.9 and 


Comparison of the experimental and theoreti- 
cal intensity ratios of the y-transitions 
from the 1749 kev level. 


Quantum (=) aS 809.4 kev transitions are known. 
numbers Tinea) UNEO Ber ED However, inasmuch as the uncer- 
. ee tainties in determining the OQ, 
Kim3; daa 4 = 1.39 are appreciable, one cannot make 
T+,E1 ly FN 
Ty,E1 Inet ~ ie@ unambiguous multipole order as- 
K=2,1=3 Ty,B1 = 1:84 signments. These transitions 
could be E3, Ml, M2, El + M2 or 
Table 4 M2 + E3. It is obvious that in 


this case calculations of the 
relative intensities cannot give 
much information because not even 
the approximate values of K and I 


Comparison of the experimental and theoreti- 
cal intensity ratios of the y-transitions 
from the 1857 kev level. 


T4201 


nae | Fearn ie ee are known for these levels. 
We have not yet considered 
Fear two relatively strong transitions 
eed ha Teer a t.2B ly El in Lul72, The energies of these 
ee es PEt 9 ae Ty,E1 1-95 transitions are 372.3 and 527.9 
: ae kev. According to Dillman et al2, 
these transitions are in coinci- 
dence and of approximately equal 
intensity. The sum of the transition energies is 900.2 kev, which is almost equal 


to the 899.9 kev energy of the cross-over transition. It may be assumed that thes 
transitions lead from the 2072 kev level to the 1172 kev state. The intermediate 
level lies at either 1544 kev or 1700 kev. The multipole orders of the transitior 
can be determined by comparing the experimental and theoretical internal conver- 
sion coefficients. For the 372.3 kev transition the most probable multipolarity 
is El, but E2 is not excluded. For the 527.9 kev the most probable assignments 
are also El and E2. The experimental K/L ratio in this case corresponds to E2. 
The last column of Table 1 gives the total relative intensities of the transi 
tions, calculated on the basis of the relative intensities of the conversion lines 
and the known multipole orders. When the multipolarity of a transition has not : 
been accurately established, we list the limits within which the total intensity 
may vary. Analysis of the total intensity values leads to the inference that : 
given the decay scheme pictured in Fig.1, K capture leads mainly to the 2072 ; 
1857, 1802 and 1263 kev levels, i.e., levels that evidently have high eninge In 
| 


the K shell is ~6000 in our units. 
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our units the number of transitions to the 1172 kev level is ~4000. 


The intensity 
of the K conversion lines is > 2100. 


Thus the net number of vacancies formed in 
Inasmuch as the Auger yield in this Z region 
is small, the number of vacancies in the given case characterizes the intensity 
of the x-rays associated with the transitions to the 1172 kev level and with con- 


version on the K shell. According to Dillman et al2, the intensity ratio I,/I,79 
= 1000:56. According to our data uf 


tS Sg 16; 
OL78.7 


Thus, in our units, the intensity of the K x-rays emitted in the decay of Lul72 
is 10750. Analysis of the intensity values shows that K capture leads mainly to 
excited levels of Ybl72 with energies exceeding 1 Mev, which is not in conflict 
with the possible Lul?2 ground state assignments of 3- and 4- (or even 4- and 5-, 
as inferred by Pekerl2 in considering the spins of neighboring odd-A nuclei). 

2. Lul70, Investigation of the levels of Yb170 dates back several years. 
Mihelich & Church? and Day® studied the decay of 129-day Tm!7° and found that the 
first excited level has an energy of 84.2 kev. Study of the decay of Lul70 (T = 2 
days) provides more detailed information on the Yb170 level scheme. Possible 
values of the spin and parity of Lul70 are 0+ and 7+ (or 17 and 87 according to 
Pekerl2). The energy difference between the parent and daughter nuclei is >3 Mev. 

Mihelich, Harmatz and Handley® observed two transitions in Lul70, associated 
with the ground state rotational band. Dillman et al? list four transitions. 
Bobrov et all and Kel'man et al5 observed many transitions with a period of 1.5-2 
days, but because of the small difference between the half lives of Lul69 and Lul70 | 


1478.7 = 


_both of which were present in their sources, found it difficult to establish to 


which isotope the transitions belonged. After publication of the recent report 
by Harmatz, Handley and Mihelich!! listing a large number of transitions in Lul69 


Table 5 
Energies of transitions in Yb170 and conversion line intensities 


a an an a eS | ie Cae AAT ais |e? ee, eo eS. 
Tota aooi| Transi= ke 

Transition, ryxx :y ioge ilies 2 i ae | Tig «x I; Total cat 
energy, intensity |3 4) energy, | intensity |5-4 
kev > Blkev* mS 
84,2 |1400-+-200} 7600 14300 [BAN aya 1,4 — —- = 
184,5 14,9 -- — —|| 543,9 iff — — = 
193.3 100 59 760 E2|| (560.9 (eres es ra 
ey ee en Cad Me y Sn 8 2°4 ie a = 
279,4 -- ~4 — —|| 756,2 ~0,3 — — a 
282°9 |8,5+40,3| 1,8 i Feeble ee Bhs & - 
65 3204) — = a o38 4 3 7204) = = = 

3 Sieg | ~3,5 |<1,8 — —|| 983,2 Ra) — = == 
(386.3 1,4 "e = —|| 99779 Sy - es ‘2 
388.7 ited Ege = SIAC als 30.1 ee ae = = 
aoort 4,6 ~2 — — {139 2,3+0,1) — ~1000 — 
416,8) NS —- -— —- 1224 2, ta=0 53) | ~1000 — 
De een PSE: is SNe 1981 ey) 2.0460, til ee “ = 
459 ,2 ~3 ~1,2 — — 1454 |14,0-40,3) 1,8 | 1500+18000 | — 
487,3 ath — — = 1484 8,4+0,2] 1,5 |1000+-13000) — 
1568 1,8 | — | 200+3000 | — 


*The transitions whose energy values are given in parentheses are regarded 


as doubtful. 


**The uncertainties characterize the reproducibility of the results in dif- 


ferent series of measurements. 


SRS 


- 1456 - 


and completion of our supplementary measurements of 
the conversion electron spectra of neutron-deficient 
isotopes of lutetium, it became feasible to identify 
with fair certainty the transitions involved in the 
decay of Lul70, The conversion electron spectrum 
was recorded under the same conditions as the spec- 
trum of Lul72, The transition energies and the rela- 
[eas tive intensities of the strongest conversion lines 
in the Lul7° spectrum are given in Table 5. The 
existence of the transitions for which the energies 
are given in parentheses is open to question. In 
addition to the lines listed in Table 5, the conver- 
9978 sion electron spectra of the neutron-deficient iso- 
age topes of lutetium comprise a large number of weaker 
lines with short periods. Identification of these 
lines is not feasible at present. Since the Lul70 
spectrum is observed against a background of radia- 
tions from longer lived isotopes, the accuracy with 
which the relative intensities of the lines are deter 
mined is poor (no better than 20%). 

One possible decay scheme for Lul70 constructed 
on the basis of the determined transition energies 
is shown in Fig.2. The 84.2 and 193.3 kev transition 
are transitions between the levels of the rotational 
band based on the ground state. Both the transitions 
are E2. The total intensities of these transitions 
Fig.2. Possible version of can easily be calculated in our units (the intensity 
the decay scheme for Lul7°, of the K line of the 193.3 kev y-transition is taken. 

as 100); they are listed in the fourth column of 

Table 5. The 1454 and 1484 kev transitions are of particular interest. In gener- 
al, internal conversion coefficients in this energy region are small. Neverthe- 
less, the intensities of the conversion lines corresponding to these transitions 
are comparatively high, indicating that these transitions are of great intensity. 
Transitions of multipolarity 2 < 3 must feed either the ground state or the first 
excited state. On the basis of the proposed scheme (Fig.2) we evaluated the rela- 
tive intensities of the transitions departing from the 1224 and 1568 kev levels 
to the levels of the ground state rotational band. Inasmuch as the multipole or- 
ders of the transitions are not known, the relative y-ray intensities were calcu- 
lated by assuming different multipole orders up to 1 = 3. For the 1139 and 1224 
kev transitions from the 1224 kev level the experimental intensity ratio is 0.95. 
The theoretical intensity ratios calculated assuming different values of K and I 
for the 1224 kev state are 0.41 for K = 1 and I = 1, 1.01 for K = 2 and I = 2 
and 1.29 for K = 3 and I = 3. It will be evident that the value calculated for 
K = I = 2 is in good agreement with the experimental intensity ratio. For the 
1484 and 1568 kev transitions from the 1568 level the experimental value of the 
intensity ratio is appreciably higher than the theoretical values calculated for 
all values of K and I from 1 through 3. The reason for this may be that the 1484 
kev transition is a mixture of multipole orders. 

We desire to express our gratitude to V.M.Kel'man for his constant interest 
in the work, to B.S.Dzhelepov and L.K.Peker for valuable suggestions in discuss- 


ing the results and to G.L.Vlasenko and V.P.Belov for assistance in carrying out — 
the measurements. ; 
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RELATIVE INTENSITIES OF Lu169 AND Lul71 CONVERSION ELECTRONS 
- M.G.Iodko, V.A.Romanov & V.V. Tuchkevich 


The conversion electron spectrum of Lul69 was studied with a double-focusing 
B-spectrometer. The relative half-width of the lines was 0.25-0.35%. We used 
two sources, which were prepared by bombarding a tantalum target with 660 Mev pro-- 
tons from the Joint Institute for Nuclear Research synchrocyclotron. The rare 
earth elements formed by spallation of the Ta were separated by ion-exchange. The 
extracted lutetium fraction was deposited on aluminum foils. A series of measure-- 
ments was carried out for each source; this enabled us to attribute the observed 
lines to the appropriate Lu isotopes on the basis of their periods. Since the 
periods of Lu469 and Lul70 are nearly equal (1.5 days and 2 days), it is diffi- 
cult to distinguish between the lines of these isotopes. 

The energies of the y-rays emitted by Lul69 were determined earlier by Kel'ma: 
et al.1 Harmatz, Handley and Mihelich? recently studied the spectra of Lul69 and 
Lul71 using sources composed of separated isotopes. Thus, in addition to the 
known transitions in Lul69, using the results of Harmatz et al2, we assigned to 
Lul69 the transitions with energies in good agreement with their data. 

The decay scheme for Lul69 constructed on the basis of the transition ener- 
gies reported by Harmatz et al2 and Peker?, is shown in Fig.l. 

Table 1 gives the relative intensities of the conversion lines in the spec- 
trum of Lul69. In evaluating the relative intensities, the intensity of the K 
line of the 290 kev Y-transition was taken as 100. In the medium and high-energy 
regions of the spectrum (E > 200 kev) our relative line intensities agree well 
with the data of Harmatz et al2. In the low-energy region, we obtained values 
approximately twice as large as theirs. A rotational band with K = 1/2 is clear- 
ly evinced in the Lul69 spectrum. The levels of this band have spins and pari- 
ties 1/27, 3/27, 5/27, 7/27 and 9/2- and energies 24.23, 87.0, 99.2, 244 and 264. 4 
kev, respectively. 

Between the 3/27 and 1/27 levels there is a 62.75 kev Ml + E2 transition. 
From our data we obtained (Ly + Lyyz)/Lyyzz = 1.4 for this transition; this ratio 
indicates that the admixture of E2 is ~27%. Iodko et al4 found the same percent- 
age of E2 in the mixed 66.7 kev transition in Lul71 between the rotational band 
levels with the same spins and parities (3/27 and 1/27). According to Harmatz 
et al, the admixture of E2 in the 62.75 kev transition is ~34%. It may be that 
our value for the admixture of E2 is an underestimate, because the lines we in- 


Table l 
Relative intensities of the Lul69 conversion lines 


Dh Diet er GOO 12970 Ve 12 | al 563 9 re 

62,6) | 44300|. 9 1 248 =z 99 9 Se Vo oe ae 

87,3| 18100} — LF igen Shey geie_s 2. 634.6 | 45 LA HOSS 

91.8] 3800} — = 2008+ 1000) ste ThedchewGsB-ON) se: Teles el bee 

110) Oil ae 1000] 250 ||369:4] 1402 | — Bis G55 Ate 4 1 een) pee 

144,5| — 186| 105 |378,3| 205 | 30 | 411 107,2 (3.0) eee 

156,8| 830| 530| — 403.9] 12 | — te 820.9 | 8 as 

164,9| 1100] 790] 130 456.5] 57 9 = BIGe Sel WUT’ Ince mlaeees 

166,5| 430| — Mg V0 1 ee 6 = 660.6 | 55 | S87 | a 

191,5| 1700] 350| — ||479.5| 16 4 — | 1061 28 da 

198°6| 200] — 2 494-7 poe 9 | — | 4072 24 in ae : 
548 17 3 =~ | 2070, 5 0100 6:2 anee un eae | 
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vestigated appeared against a fairly strong 
background formed by the lines of other, longer- 
(~1.5.d) lived isotopes. 
v| We observed no 75.0 kev transition between 
92° the 5/2- level and the ground level of the ro- 
7/2 tational band. According to Harmatz et al“, 
who observed the Lyy and Lyyzy lines of this 
transition, its multipole order is E2. We 
determined the K/L and Ly:Lyyz:Lyzz ratio for 
the 156 kev (7/27 to 3/27) and 164 kev (9/27 
to 5/27) y-transitions within the rotational 
band. This enabled us to determine the multi- 


G2, 
2° pole orders of these transitions by comparing 
3/2 these ratios with the corresponding ratios of 


theoretical conversion coefficients for differ- 
ent multipole orders as given in the tables 
' of Sliv & Band® (Table 2). 
The experimental conversion coefficient 
ratios correspond to the theoretical ratios 


Fig.l. Decay scheme for Lul69, for E2 transitions. In the work of Harmatz 
et al2 the 156 and 164 kev transitions were 


also identified as E2 transitions. The 144.6 kev transition goes from the 7/27 
to the 5/27 level. We could observe only the L and M lines of this transition. 
There is a 24.23 kev transition from the first level of the K = 1/2 rotational 
Harmatz et al2 give E3 for the multipole order 


of this transition. The ratio Lyy/Lyzz = 1.0 + 0.2, deduced from our data, does 
not contradict this assignment (for an E3 transition (Lyz/Lyz1) theo = 0.88). The 


total intensity of the 24.23 kev transition is ~12 000 in our units (the intensity 
of the K line of the 290 kev transition is taken as 100). The total intensity of 
the transitions to the 24.23 kev level is 25 000. This factor of two discrepancy 
may be explained by appreciable stopping of low-energy electrons in the source 
material. 

The ground state of Yb169, 7/2+ according to Harmatz et al2, and the 87.4 
kev (9/2+) level may form a second rotational band. The 11/2+ level of this ro- 
tational band should have an energy of 194.2 kev. In our experiment, we observed 
191.4 and 198.4 kev transitions. If the 191.4 kev level has spin 11/2+, then the 


1/2 
7/2 


band to the ground state of Yb169, 


Table 2 


Determination of the multipole orders of the 156 and 164 kev 
transitions in Yb169 


fe eel ee ee ee 
Theory 


Experiment 
E3 Mi 
= Zt aot = ___|Mul tipole 
ie) = | A a - Sohn 
si aS = = = oj assign 
k be 5 fe e a a ment 
| lea) a 3 
x " : 3 ce ee ea 
SJ Sh ey S ey q Sa re 
456) 4,55+ } 1,63-+ 4,42| 1,65 a. 5,71 |0,28| 1,58 6 ,42| 90,76 E2 
05 0,09 
164 a. sig 1,58] 1,74 l6,4 5,83 (0,32 4,66 |6,42| 92,64 E2 
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191.4 kev transition must have multipolarity E2. On the basis of our data, how- 
ever, one can assert that this transition is not pure E2: (K/L) exp = 4.75 + 0.17 


: : i tical ratios for 
and (Ly:Lyy:Lyzy) exp = 7-25 : 2.33 : 1. The corresponding theore 


an 191.4 kev E2 transition are (K/L) theo = 1.9 and (Ly: Lyyz:Lyyzqz) ppeg = 9-70 : 
1.42 : 1. Possibly this transition is mixed Ml + E2, in which case, according 
to our data, the admixture of E2 does not cet 25%. Consequently, the assign- 
he 191.4 kev level cannot be 11/2+. 
—o ee 198.4 kev level there depart two transitions of 110.9 and 198.4 kev 
energy to levels with 9/2+ and 7/2+. If we assume that the 198.4 kev level has 
spin 11/2+, then the 198.4 kev transition would have a multipole order of E2. é 
Unfortunately, it is impossible to determine the multipole order of this transi- 
tion directly from our data because we detected only the K line. 

The 110.9 kev transition is 96% Ml + 4% E2, as calculated using the ratio 
Ly:Lyy:Lyzz taken from Harmatz et al2. If we assume that the 198.4 kev trent 
tion is E2, then the intensity ratio of the 198.4 kev and 110.9 kev transitions, 
calculated according to Alaga et al®, is (Iy110.9/Iy198.4) theo = 0-26, while the 
experimental ratio proves to be 0.07. 

The experimental ratio of the level energies is 


Ex 198.4 = 2 Je 


K 87,3 


The simplified formula £,'(/) = E+ EY [[([+1)], using different ground state 
spin values, gives the following level energy ratios: 


is Ex,/EK, 
3/2 2.4 
5/2 2.29 
7/2 2.22 
9/2 2.18 


Comparison shows poor agreement of the experimental and theoretical values of the 

intensity and energy ratios for the transitions from these levels. Consequently, 

it still remains to be determined whether these levels belong to the same rota- 
tional band. 

Lu” (~83 a) In addition to the Lul69 spectrum, we also 
investigated the spectra of the other Lu iso- 
topes in our sources, including the spectrum 
of Lul7l, The 8.3 day period of Lul71 (Fig.2) 

9/2~ is long enough to distinguish its radiations 

ue from those of shorter-lived Lul69 and Lul70, 
Nevertheless, identification was hampered by 
the fact that our sources contained Lul72, 
which has a half-life of 6.7 days. Substan- 
tial distortions of the apparent period may 
arise owing to superposition of the lines of 

re different isotopes. In this respect the re- 

Yee sults of Harmatz's work with separated isotopes 
were helpful. Our values for the transition 
energies and relative intensities are listed in 

yor Table 3. Table 4 gives the intensity ratios of 

Fae the L subshell conversion electrons for some 

transitions. Up to 300 kev our transition ener- 


Fig.2. Decay scheme for Lul71, sy values differ little from the energies found ° 


| 


- 1461 - 


171 Table 3 

Yb transition energies and relative conversion electron intensities 
E, kev K | 16 | M E, kev K | L | M 
55,63 esis 5500 a 712,6 410 De 
66,8 ae 14600 = 739,4 100 16. 
72,38 = 3600 = 767 ,2 855 as a 
75,97 2800 41000 8700 780,6 9° = = 
85,55 3800 a = 839,3 26 5,5 = 
9128 1500 a = 853.9 9 a = 
498 , 4 5 = ee 986 ,0 2 = = 
BATT 9 4 = 1020 2.5 ste = 
626.2 14 2 = 1029 14 = = 
6668 29 5 3 41037 2,6 = re 
688,58 6,5 — =; 1042,9 0,6 = 7S 

1102,8 4,2 a = 


by Harmatz et al2; in the higher energy region the energy difference attains 2 
kev. 

Losses in the source itself and in the foils separating the counters from 
the spectrometer chamber are significant where low energy electrons are concerned. 
In our case the minimum energy of the electrons penetrating into the counters was 
around 6 kev. In order to reduce this threshold the electrons were accelerated 
by a 5 kev bias potential between the source and the first aperture. This enabled 
us to investigate the L lines of the 19.4 kev y-transition. Determination of the 
relative intensities of these L-lines was difficult since they could not be com- 
pared directly with the K line of the 739.5 kev transition, taken as 100 in our 
relative intensity scale. Therefore, the relative intensities were evaluated in- 
directly. The K line of the 78.9 kev transition is located near the L lines of 
the 19.4 kev transition. Harmatz et al2 and Iodko et al4 have determined that 
the multipole order of this transition is E2. Using the K/L ratio for this multi- 
polarity and the relative intensities of the L lines of the 78.9 kev y-transition, 
’ we found the intensity of the K line in our units. Once the intensity ratios of 
the K line of the 78.9 kev transition and the L lines of the 19.4 kev transition 
are found, it is simple to evaluate the ratio of the L line intensities. Unfor- 
tunately, the Lyyz line of the 19.4 kev transition falls on the Ly line of the 
20.75 kev transition in Yb169 and hence cannot be resolved with satisfactory ac- 
curacy. Harmatz et al2 indicate that the 19.4 kev transition is El. The Ly/Lyy 
ratio which we obtained is compatible with this finding; it is also not inconsis- 
tent with the assignment 91.5% Ml + 8.5% E2. 

With regard to the location of this level in the decay scheme, at present we 
can say only that judging from its intensity this transition goes either directly 
to the ground state of yp171 or to a low-lying level. The ground state of Ybi71 
has spin and parity 1/2-, according to both Harmatz et al2 and Elebek et al’, The 
assignments for the 66.7 and 75.9 kev levels are given by these authors and by 
Gromov et al8. Together with the ground state these levels form a K = 1/2 rota- 
tional band. The higher lying levels of this band should have energies of 231.6 
kev (7/27) and 248.1 kev (9/2-). Transitions corresponding to de-excitation of 


these levels have been observed by Harmatz et al2. The ignite the first 
1 of this rotational band to the ground state (3/2-—-1/27) has an ener- 
See ney kav established that the ad- 


gy of 66.7 kev and multipole order Ml + E2. Iodko et al4 


mixture of E2 is 32%. 
As noted above, Lul69 has a K = 


in Lul71, 


1/2 rotational band analogous to the band 
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Table 4 
Ly:Lyyz:Lyzz ratios for some 
transitions in Tb1l71l 


E, kev Ly : Ly: Lyi 

19,4 | 4:41,15:(co1,3) 

66,68 | (0,45 + 0,04) : (0,99-40,02) : 4 
Tages || At s O87 a4 


Tipe, || dhe Joveag 0), G7 24 


The values characterizing the moments of inertia of the bands are (3h?/J)ig, = 
= 70.1 kev and (3f7//),,, = 72.2 kev; the values of the coefficients 4,,. and a, 
are 0.79 and 0.85, respectively. 

The transitions from the 3/27 and 1/27 states have about the same energies 
and multipole order mixtures. 

We desire to thank V.M.Kel'man for his unflagging interest in the work, B.S. 
Dzhelepov and L.K.Peker for valuable suggestions in discussing the results, and 
G.L.Vlasenko and V.P.Belova for their help in the experiments. 
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CASCADE EXCITATION OF THE SECOND ROTATIONAL LEVELS IN SEPARATED TUNGSTEN ISOTOPES 
- D.S.Andreev, K.1.Erokhina & I.Kh.Lemberg 


Until recently, in experiments on Coulomb excitation of strongly deformed 
even-even nuclei investigators succeeded in exciting only the first rotational 
levels (with spin and parity 2+). Coulomb excitation of second rotational levels 
(44+) was not achieved. 

Only protons or Q-particles with energies considerably lower than the poten- 
tial barrier were used in the Coulomb excitation experiments. Under these condi- 
tions the probability for exciting a nuclear level in any individual collision is 
very low, and, consequently, the Coulomb excitation cross section can be calcu- 
lated accurately even in the first approximation of perturbation theory. Calcu- 
lations made in this manner indicate that in the case of strongly deformed even- 
even nuclei, the cross section for Coulomb excitation of second levels with spin 
4+ (E4 transition) is several orders of magnitude smaller than the cross section 
for excitation of 2+ levels (E2 transition). 

This situation is due to the selection rules for the low multipole order 
transitions characteristic of Coulomb excitation, and to the fact that the Coulomb 
cross section falls off sharply with increase in the energy AE of the excited 
state, since with growth of AE the lifetime becomes increasingly shorter than the 
effective flight time of the particle in the vicinity of the target nucleus, and 
the process becomes increasingly adiabatic. At the same time, the energy of sec- 
ond rotational levels is about 3.3 times greater than AE of the first rotational 
levels. 

The excitation probability for nuclear levels increases sharply with increase 
of the energy and of the atomic number of the bombarding particles. As the exci- 
tation probability increases, the probability of second-order processes increases 
as well. Whereas in the first approximation, direct excitation of the 4+ state 
can be achieved only by inducing a direct E4 transition, in the second approxima- 
tion of perturbation theory, this state can be excited by means of two successive 
E2 transitions. Qualitatively this process can be represented as follows: owing 
to the high excitation probability, the 2+ state is excited by the bombarding 
particle while moving over the first part of its trajectory; then during the re- 
maining part of the trajectory the nucleus is raised to the 4+ state by a second 
E2 transition. 

For investigating the two-step Coulomb excitation process we used quadruply 
charged 27.8 Mev Ne20 and 36 Mev N ions. The targets were prepared of four speci- 
mens of metallic tungsten enriched in wl82, w183, w184 and w186, The isotope con- 
tents of the targets are listed in the table. The specimen enriched in wi83 was 
used for control experiments. 

The y-rays emitted by the bombarded targets were detected by means of a 


| scintillation spectrometer with an Nal(T1l) crystal coupled to a photomultiplier. 


The photomultiplier pulses, after amplification, were recorded by a 63-channel 
pulse height analyzer (type AMA-2, designed at the Leningrad Electrotechnical 


Institute). The energy scale was calibrated with reference to a Hg203 y-ray 


source (E = 279 kev) before and after the measurements. oe 
Figs.1 and 2 give the spectra obtained in bombarding targets enriched in W 
and wl84 with 27.8 Mev Ne ions, while Fig.3 shows the spectrum obtained in bombard- 


ing a target enriched in W186 with 36 Mev nitrogen ions. The peaks evident in the 


spectra correspond to lines at 0.23 Mev (w182) , 0.25 Mev (W184) and 0.275 Mev (w186) , 
Control experiments showed that there are no background lines of these energies 
when carbon or oxygen are bombarded with nitrogen and neon ions. The presence of 
any other light elements in our targets is unlikely, and there Bre leas no 
nuclear reactions on other, heavier contaminating elements. Earlier“ we showed 
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that in bombardment of carbon with N ions 350 kev 


Isotope content of tungsten 
y-rays are emitted as a result of the N + C re- 


specimens (%) 
a a Kelty, 


Speci- e He 7 - A peak corresponding to this line appears 

se ae loa we as i in the a Cen reproduced in Fig.3. This peak 
is due to formation of a thin carbon film on all 

Mat oa pone a a at cyclotron-bombarded targets. The shape of the 

wi | 0,1 1,1 | 3,6] 91,3] 4,0 350 kev line was studied in a special experiment 

Wee ol OD i Ooh B16 | 2artelasinny in which we recorded the y-ray spectrum from a 
natural lead target bombarded with 36 Mev N ions. 
This y-spectrum is given by the dashed curve in 

N Fig.3. 

: In the control experiment, the y-ray spec- 


trum from a W183 enriched target under bombard- 
ment with 27.8 Mev neon ions was studied. In 

| the range from 200 to 320 kev, there was ob- 
served one peak at Ey = 295 kev, corresponding 
| to Coulomb excitation of a nuclear level of 
this energy in wl183, The yield of the 295 kev 
y-rays is low, and in view of the small con- 
tent of W183 in the targets enriched in even 


1000 


Ww WW Te 50 isotopes, we felt justified in neglecting it. 
Channel No. In the work of Murray et al2 on B-decay 
Fig.1. Experimental y-spectrum of Tal82 to wl82 the energy of the y-rays emit- 


obtained in bombarding W182 with ted in the cascade transition from the second 
quadruply charged 27.8 Mev Ne20 rotational level of W182 to the ground state 
ions. was measured precisely with a crystal spectro- 
meter and found to be 229.27 kev. 
Analogous y-rays emitted in the de- 
cay of Tal84 have, according to 
Butement and Poe?, an energy of 240 
kev. One must, however, note the 
relatively low accuracy of the ener- 
gy determination in the latter work, 
inasmuch as the measurements were 
performed by means of a scintilla- 
tion spectrometer in the presence 


20 30 40 50 of considerable background due to 
Channel No, other y-radiation emitted in B-decay 
Fig.2. Experimental y-spectrum obtained in of Tal84, Tal86_,w186 gecay was 
bombarding W184 with 27.8 Mev Ne2° ions. studied by Poe*, but the line cor- 


responding to the transition from 
the 4+ state to the 2+ state was 
not detected. In studies of the 
radiations emitted in the K-capture | 
transitions Rel82-.w182, Rel84_, . 
W184 and Rel86_,w186_ no lines 
corresponding to 44+->2+ transitions 
30 40 50 60 were detected either. In order to 
‘Channel No. evaluate the probable energy of the | 
Fig.3. Experimental y-spectrum obtained in 4+-+2+ transition in W184 ang wl86. 
bombarding W186 with 36 Mev N14 ions. one can use the energy of the first 
| 


{asbMev 


level and the known ratio between 
the energies of the first and second 


PAN HHT 


- 1465 - 


Pecinae isa. Sk eeacerta values are 257 kev and 291 kev, respectively, 
“ y, owing to the interaction between rotational and 
eee these values should be somewhat lower. According to our 

: s of E for the 4+-+2+ transitions in W182, w184 and w186 are 0.230, 
ta enol Mev, respectively (see Figs.1, 2 & 3). Thus, in our experimental 

gation of two-step Coulomb excitation of even tungsten isotopes, we have 
demonstrated excitation of the 4+ level in every one of the investigated isotopes. 

The fact that the observed lines do correspond to 4+—>2+ transitions is 
proved a) by the agreement between the energies of the lines and the energy values 
calculated on the basis of the known energy ratios for rotational levels, and b) 
by the fact that the same lines were observed in bombardment of the tungsten tar- 
gets with neon as well as with nitrogen ions. 

Calculations on the assumption of Coulomb excitation of the 4+ state by E4 
transitions, using the single-particle reduced transition probability value, 
yield an intensity value for the y-rays emitted in 4+—>2+ transitions some 103-104 
times lower than that actually observed. 

There is another possible explanation for the observed lines. It may be that 
second levels with spin 2+ (2'+ levels), are excited, so that the experimentally 
observed y-rays are associated not with 4+—»2+ transitions but with 2'+—>4+-+2+ 
cascade transitions. To check this possibility we evaluated the additional con- 
tribution to the 4+—+2+ transition y-ray yield that would result from excitation 
of the 2'+ level. For the calculations we used the data obtained in the work of 
Ref.5. The evaluations showed that the contribution from possible excitation of 
2'+ levels is negligibly small. This results from the circumstances, first, that 
Coulomb excitation of high-lying levels by means of heavy ions diminishes sharply 
with an increase in the atomic number of the bombarded element, and, second, that 
transitions from the 2'+ level mainly feed the 2+ and 0+ levels. 

Hence, it may safely be asserted that the observed 230, 250 and 275 kev y-rays 
arise as a result of two-step Coulomb excitation of energy levels at 330, 360 and 
400 kev in W182, w184 and W186, respectively. This is the first experimental proof 
of the existence of a second rotational level with E = 400 kev in w186, 

The two-step (double E2) Coulomb excitation was also observed by Newton and 


Stephens®. They investigated the Coulomb excitation of tungsten bombarded with 


40 to 80 Mev oxygen ions, and observed a broad peak at Ey, = 250 kev, correspond- 
ing to the superposition of lines emitted in 4+-»2+ transitions in wi82, w184 ang 
wid, 


The results of our investigation, carried out with separated isotopes and 
using neon and nitrogen ions, agree with the data of Newton and Stephens and to 
a certain extent, complement their data. 
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COULOMB EXCITATION OF THE FIRST LEVELS OF EVEN ISOTOPES OF CHROMIUM, SELENIUM 
AND NEODYMIUM 
- D.S.Andreev, A.P.Grinberg, G.M.Gusinskii, K.1I.Erokhina & I. Kh.Lemberg 


At the Ninth All-Union Conference on Nuclear Spectroscopy we reported the re- 
sults of our investigation of Coulomb excitation of a number of even-even nuclei 
under bombardment with heavy ions. 

In the present report we give the new results obtained in investigating Cou- 
lomb excitation of even isotopes of chromium, neodymium and selenium, using cyclo- 
tron accelerated 16.3 and 36.0 Mev nitrogen and 23.2 Mev neon ions. 

The experimental set-up and procedure have been described earlier.!> The 
results of the present investigation are summarized in the accompanying table, 
wherein AE is the energy of the excited level, 4(£2); is the experimental value of 
the reduced transition probability, B(E2)}* is the reduced transition probability 
according to the data in the literature, F is the ratio of the experimental value 
of B(E2) to B(E2)spt (the value of the reduced probability given by the formula 
for single-particle transitions), and tT is the lifetime of the level (the values 
of AE are given in Mev; the reduced probabilities in 10748 ¢2 em? units). The 
values of T were calculated by means of the following equation: 


370 (<a) h 4.0939-10-4 


= Ta \hE) BED) ~ (AE) BED °°? 


which is valid for all even-even nuclei in which the spin and parity of the first 
excited states are always 2+. 
The values of b(H2);,4 were calculated by the formula 


i) 3 »2\2 SO 
B(E2)spp= Ge (= Ri) = 3-10 A%, 
and the nuclear radius #, being taken equal to 1.2°10-13 Al/3 cm. In the table 
we also indicate the levels (nucleus, AE and A4(£2) that served as the reference 
in each of the experiments. 


Experimental Results 


Chromium. For our experiments we had available targets of chromium oxide, 
Cr203, enriched with Cr°2 and Cr54, and a target of natural chromium prepared by 
vacuum evaporation. The energies of the first excited states of all three even 
chromium isotopes are known from studies of inelastic proton scattering. 10 

In the experiments on Coulomb excitation of Cr°4 the target was chromium 
oxide; the projectiles were 23.2 Mev Ne29 ions. The value of &(E2) obtained in 
these experiments differs little from the value obtained earlier! in bombardment 
with nitrogen ions. 

It is impossible to investigate Coulomb excitation of Cr52 using a chromium 
oxide target, inasmuch as in this case there appears in the spectrum a strong 7- 
peak at 1.37 Mev due to nuclear reactions.11 The peak corresponding to a 1.37 
Mev 7y-line was also observed in bombarding a target of natural chromium with 36 
Mev nitrogen ions. The area of the peak in this case, however, is much smaller, 
and consequently, the integral peak can be resolved into two peaks (Fig.1). The 
energy of the first level of Cr°2 according to the data of Van Patter et all9 is 
1.432 + 0.005 Mev. In our experiments we obtained AE = 1.45 Mev. 

In the table we give the value of B(#2) calculated on the assumption that 
OE = 1.45 Mev. If one takes AE = 1.43 Mev, the resultant value of the reduced 
transition probability is approximately 15% lower. | 


F 


mu SeC 


em 
[Ref 


B(E2) }*- 104, 
e? 


e-cm* 


B(E2) t +40, 


Ret. 


d lifetimes of the first excited states of 


selenium and neodymiun 


levels 


Reference 


Nucleus | AE, Mev | B(E2)+1048, 2 
' i) 


even isotopes of chromium, 
sy 


Ne20(23,, 2) 


Ne?0(23,,2) 
N14(36 ,0) 
N14(36,,0) 
N24(36 ,0) 
N14(36 ,0) 
N14(36 ,0) 
N14(36, 0) 
N14(36, 0) 


in Mev 
N4(36,0), Ne?20(23, 2) 


N14(36,0), Ne?0(23, 2) 


Bombarding particles 
and their ener 
NM4(16,3), 


0,78 
“45 

0,84 

0.560 


1 


Reduced probabilities for Coulomb excitation an 


Cr52 
Cr54 
Se76 


eus 
Gr50 
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The operation of separating the peaks 
naturally increases the error in determining 
the area. As a result the possible error in 
the value of B(E2) for the first excited level 
of Cr52 is +35%, according to our evaluation. 

Coulomb excitation of Cr°° was investi- 
gated using 23.2 Mev Ne290 ions. The target 
was natural chromium. The content of Cr50 in 
natural chromium is only 4.31%. The situation 
is further complicated by the presence of cro4, 
the abundance of which in natural chromium is 
2.38%. As a result there was obtained a com- 
mon peak in the spectrum (Fig.2). In calcu- 
lating the value of B(E£2) for Cr5° we sub- 
tracted from the area under this peak the 
fraction due to excitation of Cr54, This 
fraction was calculated on the basis of the 
previously determined value of A4(F2) for cro4, 
Inasmuch as this fraction is relatively small 
(~15% of the total area under the peak), the 
additional error involved in determining the 
value of B(E£2) for Cr5° is minor. 

Selenium. Our original results for Cou- 
lomb excitation of selenium, obtained in ex- 
periments with nitrogen ions bombarding tar- 
gets enriched with different Se isotopes, are 
described in Ref.1. In the present experi- 
ments the measurements were repeated by using 
23.2 Mev Ne20 ions. The values of B(E2) ob- 
tained were the same as in the earlier experi- 
ments. We note the good agreement of our 
values for (2) with those obtained by Temmer 
& Heydenburg? in experiments with 7 Mev Q- 
particles. It must be pointed out, however, 
that Temmer & Heydenburg obtained a value of 
880 kev for the first excited level of Se®?, 
whereas according to our data AE = 660 + 10 
kev. A close value for AE (670 + 10 kev) was 
obtained by Stelson & McGowan®, who, however, 
do not give a value for B(f£2). Possibly 
Temmer & Heydenburg observed a y-line due 
to the nuclear reaction Se82(q,2n)Kr84, The 
energy of the first level of krypton 84, ac- 
cording to Johnson & O'Kelleyl2 is 880 kev. 

The lifetime of the first excited state 
of Se76 was measured in the work of Belyaginl3 
who investigated resonance scattering of As76 
y-rays from seleniun. According to Belyagin's 
data, T = (1.3 + 0.2)-10-11 sec. This value 
agrees within the limits of the experimental 
error with our value of (1.8 + 0.4)-1071! sec. 

It must be noted, however, that recently 
Pruett!4 published a different value for the 
lifetime of the first excited state of Se; 
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: apa 
Ny | 137 MeV 145 Mev Ny \ |&76 Mev 
10000 ee || 790 - : 
oa \ 
octet epee TY 
5000 ee pa Ne | 250 = 
adh | 0 , 
| JO 4 30 : 
7 rae Channel No. 
i y ys oe Fig.2. Experimental y-spectrum 
Sih eee obtained in bombarding natural 
Fig.1. Experimental y-ray spectrum ob- chromium with quadruply charged 
tained in bombarding natural chromium 23.2 Mev Ne2° ions. 
with 36.0 Mev N ions. 
0.705 Mev this was also obtained in experiments on 
Ny | resonance scattering. Pruett gives T = 
= (2.6 + 0.3)-10711 sec. 
7500 - It will be evident that there is an 
5000 appreciable divergence between the life- 
yp 50 60 time values obtained in resonance scat- 
Channel No. tering experiments. In contrast, the 
Fig.3. Experimental y-spectrum obtained values of B(E2Y obtained by different 
in bombarding a target of natural neo- authors in investigating Coulomb excita- 
dymium with 36.0 Mev N ions. tion of the first level of Se?6 are in 


good agreement. This can be explained 
by the fact that the state in question is abundantly excited, while background 
effects are very weak compared with the intensity of the observed line. Hence it 
may be inferred that the lifetime values obtained from Coulomb scattering experi- 
ments are more reliable. 

Neodymium. Coulomb excitation of neodymium was investigated by Simmons et 
all5 and Temmer & Heydenburg?, who bombarded appropriately enriched targets with 
3.3 Mev protons and 6 Mev Q-particles, respectively. In these studies there were 
successfully excited the first levels of Nal 46 | Na148 and Nai50 | i.e., of the iso-: 
topes in which the excitation energy of the first level is relatively low. 

In our experiments we also obtained results for Nd144. This was facilitated 
by the use of a target of natural metallic neodymium (Nd144 content 23.87%). By 
way of projectiles we used 36 Mev nitrogen ions. The energy of the first excited 
level of Nd144 (AE = 0.695 Mev) is known from the work of Engelderl® and Kreger & 
Cook”, In our experiments we obtained AE = 705 + 10 kev (Fig.3). In calculat- 
ing the value of B(#2) we used AE = 0.695 Mev. The satisfactory agreement of our 
values of (£2) for Nd146, Nd148 and Na150 with the results of other authors gives! 
reason to assert that the error in calculating B(E£2) for Nd144 does not exceed 25%. 
The presence of a relatively strong background in the Ey = 1.5 Mev region, due to. 


contamination of the target, prevented us from detecting Coulomb excitation of the 
first level of Nd142 (AR = 1.57 Mev). 


Conclusions 
The results obtained in the present study of Coulomb excitation of the even 


isotopes of chromium, selenium and neodymium supplement the available data on the 
first levels of even-even nuclei, and justify the following observations. ; 
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’ It has been inferred by Knapp4 and other authors that the values of tT deter- 

mined from experiments on Coulomb excitation are consistently higher than the 
lifetime values determined on the basis of resonance scattering of y-rays. As we 
noted previously!, however, this is not actually the case. Thus the value of the 
lifetime for the first level of Se’6 deduced from our experiments is in good agree- 
ment with the value of Tt obtained in investigations13,14 of resonance scattering 
of As76 y-rays by seleniun. 

The character of the variation of the energy and reduced transition proba- 
bilities for the first excited levels of nuclei of different isotopes of the same 
element as a function of the number of neutrons in the nucleus is well known. 

With deviation of the number of neutrons from the magic number, the value of AE 
decreases, while the value of fA(f2) increases. This behavior of AE and B(E2) is 
clearly evinced for the isotopes of selenium and neodymiun. 

The Cr°2 nucleus (Z = 24) has 28 neutrons, i.e., a closed neutron shell. Ac- 
cordingly, the energy of the first excited level of Cro2 (AE = 1.45 Mev) is sub- 
stantially greater than the energy of the first levels of Cr50 and Cr54 (AE = 0.780 
and 0.840 Mev, respectively). Noteworthy, however, is the fact that the value of 
B(£2) for the first level of Cr52 is almost identical with the value of the re- 
duced transition probability for the first level of cro4, 
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COULOMB EXCITATION OF Ne21 


- D.S.Andreev, K.I.Erokhina & I. Kh. Lemberg; 


Investigation of Coulomb excitation of nuclear levels using gas targets is 
complicated by the difficulties associated with exact determination of the abso- 
lute yields. Heydenburg, Pieper & Anderson! ,2 studied Coulomb excitation of iso- 
topes of krypton and xenon. However, they obtained only relative y-ray yields. 
These data are insufficient for the determination of the level lifetimes. 

The use of cyclotron accelerated ions of the gaseous element being studied 
as bombarding particles allows of circumventing the difficulties associated with 
the use of gas targets. This method was used by us? to investigate the Coulomb 
excitation of Ne20 and Ne22, In these experiments natural neon was fed into the 
ion source of the cyclotron. 

The abundance of Ne21 in natural neon is only 0.26%. Consequently, the Ne21l 
ion current in the extracted beam was so small that accurate measurements of the 
Ne2l1 Coulomb excitation was impossible. 

Below we give the results obtained in investigating Coulomb excitation of 
the first level of Ne2l1, Neon enriched with Ne2! was placed in the ion source. 
The current of quadruply charged Ne?! ions with E = 24.2 Mev to the target was 
~5-10711 amp. 

At a given frequency of the generator the resonance value of the magnetic 
field intensity is proportional to the ratio M/Z, where M is the mass of the ac- 
celerated ion and Z is its charge in electron charge units. For quadruply ioniz- 
ed Ne21 M/Z = 5.25. In principle, in supplying neon to the ion source, in view 
of possible contamination, one can expect simultaneous acceleration of ions of 
carbon, nitrogen and oxygen isotopes. The value of M/Z in the present case is 
most closely approached by triply ionized 016, For triply charged 016 M/z = 5.33 
and the resonance value of the cyclotron magnetic field is 1.6% greater than the 
field value necessary for the acceleration of quadruply charged Ne21 ions. 


It was found, however, that as a result of a 1% change of the cyclotron field! 


from the value corresponding to acceleration of Ne2l ions, the current intensity 
at the target decreased by more than a factor of 20. From this it follows that 
the proportion of triply ionized 016 in the extracted beam was not more than 5%. 

By way of targets we used graphite, aluminum and molybdenum. The y-rays 
produced by bombardment of the targets by Ne2l ions were detected by means of a 
y-spectrometer with a NaI(Tl) crystal. In all cases the recorded spectra com- 
prosed a peak corresponding to 0.35 Mev gammas. By way of illustration the 7~- 
spectrum obtained in bombarding the aluminum target with Ne21 ions is reproduced 
in the accompanying figure. 

According to the data of Serdyukova et al4 
Ahnlund® and French & Thomson®, who studied the 
nuclear reactions 018(@q,n)Ne21, Ne20(a,p)Ne21 
and Na23(d,qQ)Ne21, Ne21 has an excited level at 
0.35 Mev. It is natural to assume that the Y hook 
line observed in our experiments corresponds to 
excitation of this level in Ne21, 

Working with Ne29 ions we observed? a low 
intensity y-line occurring as a result of nu- 
clear reaction of Ne20 ions with carbon. In 

10 70 30 40 principle, one cannot exclude the possibility 
Channel No. that the 0.35 Mev y-line observed in the pres- 
Gamma-spectrum obtained in bom- ent experiments is also due to a nuclear re- 
barding aluminum with 24.2 Mev action with carbon. In this case, however, the 
quadruply charged Ne2! ions. yield of 0.35 Mev y-rays in bombarding aluminil 


1000 


> 
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should have been roughly 100 times lower than in bombarding carbon (our observa- 
tions showed that a carbon film formed on all the targets, apparently as a result 
of decomposition under ion bombardment of oil vapor deposited on the target sur- 
face). It was found, however, that the 0.35 Mev Y-ray yields in bombardment of 
aluminum and graphite are comparable. This proves that the 0.35 Mev y-line is 
ise result of nuclear reaction on carbon but is due to Coulomb excitation of 
Ne“+. 

The mean value of the reduced probability B(E£2) for transition of Ne?! from 
the ground state to the 0.35 Mev excited state according to the data of our ex- 
periments with C, Al and Mo is 0.025-10748 e2 om4, 

According to the data of Ahnlund®, the assignment for the first excited state 
of Ne2l is 3/2+ or 5/2+; according to Hubbs & Grosof® the ground state spin of 
Ne21 is 3/2+. Using these spin values, one can calculate the reduced probability 
B(E2) | for transition from the 0.35 Mev state to the ground state: 

(2J, + 1)-B (£2) } = (2J;+ 1)-B(E2)|. We obtain B(E2) |= 0.025-10-48 e2 cm4 or 0.017- 
*10-48 2 cn*, depending on which value of J; is adopted. 
From the values of B(F2)| making use of the formula 


4 
t(E2) = 0,.819-10-13 Tem 


one can calculate the value of the partial lifetime of the first excited state of 
Ne21, 


t(E2)= (6.3 or 9.2)°10-10 sec. 


Thus, the as © values of B(H2){}for the first levels of all three neon 
isotopes (in units of e2 10-48 cm4) were obtained: Ne20 - 0.047; Ne21 - 0.025; 
Ne22 - 0.039. The weak dependence of B(f£2)on the number of neutrons is striking. 

We take this opportunity to thank A.B.Girshin who assured the uninterrupted 
operation of the cyclotron. 


-Physical-Technical Institute, 
Academy of Sciences of the USSR 
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DETERMINATION OF THE L FLUORESCENCE COEFFICIENTS OF Ga71, cuS5 AND v°4 
- A.A.Konstantinov, T.E.Sazonova & V.V. Perepelkin 


The L x-ray fluorescence coefficients, or ratios of the number of L x-rays 
to the number of vacancies in the L shell, have been determined experimentally 
only for elements with Z = 36 (Ref.1) and Z > 40 (Refs.2-6). Knowledge of the 
L fluorescence coefficients for elements with Z < 36 is essential not only for 
refinement of the present theory of the Auger effect but also for the solution 
of a number of specific physical problems involving radioactive nuclides. Un- 
fortunately, experimental determination of the L fluorescence yields of elements 
with Z < 36 is hampered by the fact that these x-rays are strongly absorbed in 
air. 

For determining the L fluorescence coefficients of Ga7l (Ge71) , CuS5 (zn65) , 
and v°l (cr5l1) we used a 4x proportional counter and employed the method of three 
fillings of the counter developed by Konstantinov’ for determining the activity 
of electron capture nuclides from the K x-rays. 

A 4x proportional counter is the most suitable instrument for measuring the 
L fluorescence coefficients of daughter elements of electron capture isotopes 
with Z < 36 because of the high sensitivity of this instrument in detecting soft 
low intensity x-radiation. Moreover, in the case of a 4x proportional counter 
the source is located inside the counter so that the only material in the path 
of the L x-rays is the thin (85-170 ug/cem2) celluloid film with which the source 
is covered in order to absorb the Auger electrons. At one particular gas filling 
(pressure) of the 4x proportional counter one can de- 
tect only L x-rays and the background, while at a dif- 
ferent pressure there are detected L and K x-rays and 
the background. 

Essentially the 4x proportional counter (Fig.1) 
consists of two 2x counters with the source between 
them. The source is vacuum evaporated on an alumin- 
ized celluloid film and then covered on the activity 
side with a similar celluloid film so that the emis- 
sion from both sides is the same. The film is made 
thick enough to stop all K series Auger electrons. 

When the 4x counter is filled with pure methane 
at 20 cm Hg, in the case of Zn65 and Ge?! there are 
detected only the L x-rays and a background (Fig.2). 
In the case of a Cr°l (v51) source even with the 4x 
counter filled with pure methane, in addition to the 
L x-rays, there are detected the K x-rays (Figs.3 & 4) 
The L x-rays of V9! (cr51) are completely absorbed in. 
the methane filling the counter when the methane pres- 
Fig.1. Diagram of the 4x sure is 20 cm Hg; hence the number of L x-rays detect- 


proportional counter: 1) ed by each half of the 4x counter can be determined 
frame with aluminum foil, from the area under the L x-ray peak with the back- 
2) polystyrene lead-in ground subtracted (see the solid-line and dashed- 
seals, 3) counter housing, line peaks in Figs.3 and 4). 
4) source, 5) counter fila- In order to determine the total number of L x- 
ment, 6) supporting stand, rays emitted in the 2x angle by the source one must 
7) brass base plate, 8) take into account the absorption of these x-rays in 
valve. the celluloid film covering the source. The absorp- 


tion in the film was determined experimentally. To 
this end the source was covered with an additional celluloid film and the absorp- 
tion of L x-ray in the first film was determined from the absorption in the secon 
| 


- 1473 - 


Sails 
GO 10 JO 50 70 90 100 0 


‘ 50 50 70 90 100 
Bias, v 


Bias, v 
Fig.& Fig. 3 
Fig.2. L x-ray peak of Ga‘l (Ge71) with the 4x counter filled with methane at a 
pressure of 20 cm Hg. 
Fig.3. L and K x-ray peaks of V51 (Cr5l) with the 4x counter filled with 
methane at a pressure of 20 cm Hg. Source covered 
with an 85 ug/cm2 celluloid film. 


film by means of the two equations: 


[e.0) 


Ny = “ay eve 2? dz; (1) 
; Oe Ay OO i 
a y, 3 
Oo 10 50 50 70 90 100 ime Oy Mis -2 2 
Bias ay jie ee 5 \e ah Bhi 


Fig.4. L and K x-ray peaks where J, is the number of x x-rays passing through 
of V51 (Cr51) with the 4x the first film, NV, is the total number of L x-rays 
counter filled with methane emitted in the 4x solid angle, » is the absorption 
at a pressure of 20 cm Hg. coefficient for L x-rays in the film, /, is the thick- 
Source covered with a 155 ness of the first film, z= 1/cos 6 (Fig.5), NV, is 
ug/cm2 celluloid filn. the number of L x-rays passing through the two films, 
and h, is the total thickness of the two films. 
The values of the integrals (1) and (2) as a function 
of uh have been tabulated by Gold8. 
The L x-rays of Ga?1 (Ge?!) are not absorbed complete- 
ly in the methane filling the counter even at a pressure 
of 60 cm Hg. Hence for determining the number of Ga7l L 
x-rays passing through the film we used Konstantinov's7? 
method of three fillings (10, 20 and 40 cm Hg methane pres- 
sure). It was assumed that the counter background does 
not vary with changes in the methane pressure. This is 
Fig.5. Experimental undoubtedly true for Ga?l (Ge?1) , inasmuch as Ge’! is a 
“arrangement of source pure electron capture isotope. The L x-rays of Cu®5 (Zn65) 
(1) and film (2). and of Ga71 (Ge71) are not absorbed completely in the meth- 
ane filling the counter even at a pressure of 60 cm Hg. 
However, it is impossible to determine the number of CuS5 L x-rays passing through 
the counter by the method of three fillings inasmuch as with a CuS5 (Zn65) source 
the counter background varies as a function of the methane pressure. This occurs 
because Zn®55 is not a pure electron capture isotope and the accompanying radia- 
tion (positrons and conversion electrons) increases the background, which varies 
with the methane pressure. The number of Cu®5 L x-rays passing through the film 
was determined from measurements at two fillings of the 4x counter with methane 
at 40 and 60 cm Hg. From the number of L x-rays absorbed by the methane at these 
_ two pressures we calculated the absorption coefficient for the L x-rays in methane, 


, 
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L fluorescence coefficients of Ga7l, cuS5 and v5 
a a rp Eee 


Activity | Number 

Iso- : of of oT, 
AE Ms ng source, | L shell % 

OPE Cure vacancies 
*Gail 26 500 18 100 75 800 4.10-§ 412-105 0,68 
hoon 16 400 11 800 40 700 Delo 68-105 0,60 
Cuss 72 000 28 700 227 000 4,4-10-5 10-108 0,56 
* Vol 5 950 3 000 20 200 Deen? 93-105 On22 
##V51 9 400 — 33 500 BRO Oms 135-105 OF25 


Note: The * and ** pertain to two different sources. 


and then from the calculated absorption coefficient determined the number of CuS5 
L x-rays passing through the film. It may be noted that the experimental and 
theoretically calculated absorption coefficients for the L x-rays in methane agrees 
within the limits of the experimental error. 

In order to determine the L fluorescence coefficients, in addition to the 
total number of L x-rays emitted by the given source, one must know the number 
of vacancies in the L shell formed as a result of electron capture from the K 
and L shells during the radioactive decay. In the presence of conversion elec- 
trons one must also take into account the formation of L shell vacancies owing 
to internal conversion. 

Inasmuch as Ge7l is a pure electron capture isotopes, while the number of 
conversion electrons in Cr51 and Zn®5 is insignificant (less than 1% per decay), 
for these elements one can neglect the formation of addition vacancies in the L 
shell owing to internal conversion. 

The number of L shell vacancies forming as a result of decay of an electron 
capture isotope can readily be determined from the activity of the source, inas- 
much as it is known that for every L capture there forms one L shell vacancy for 
all elements, while for every K capture event the number of L shell vacancies 
formed differs in different elements; the specific numbers for the investigated 
nuclides are 1.33 for Ga’l (Ge71), 1.39 for Cu®5 (zn65) and 1.60 for V5l (Cr51). 

To insure distinct L x-ray peaks standing well above the background the Ge71,, 
zn65 and Cr51 sources were prepared with an activity of ~10-5 curie. Measurement 
of the activity of such strong sources directly in the 4x counter is impossible 
owing to overloading of the counter; hence the activities were determined through 
comparison with sources of lower activity (~1077 curie), the activity of which 
could be measured directly in the 4x counter by the method of three fillings’. 
The comparison of the activities was carried out with reference to the K x-rays 
by means of an end window counter or a 4x counter. 

The values of the L fluorescence coefficients obtained in our experiments for 
Ga7l (Ge71), CuS5 (Zn65) ana v51 (cr51) are listed in the accompanying table. 

We evaluate the error in determining the values of @, as 12-16%. As will be 
evident from the table, the values of w, for the two Ga7l (Ge71l) and the two cr°l 
(V51) sources (* and **) agree within the limits of the experimental error. For 
the second Cr source (**) the absorption of L x-rays in the film was determined 


from the absorption coefficient that was found in the measurements with the 
first Cr5l (v51) source (*). 


"D.I.Mendeleev" All-Union Scientific Research Institute of Metrology 
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INVESTIGATION OF THE DECAY OF Tel18 AND Tell9 AND THE LEVEL SCHEME OF Sb119 
~ A,A,Sorokin, A.Bedesku, M.V.Klimentovskaya, L.N.Kryukova, 
K.P.Mitrofanov, V.V.Murav'eva, V.N.Rybakov, G.Chandra & V.S.Shpinel 


Introduction 


The tellurium isotopes Tel18 and Tell9 were discovered in 1948 by Lindner & 
Perlmanl. These authors also determined some of the characteristics of the decay 
of these isotopes. Thus, Tell8 converts by electron capture with a period of 6 
days to 3.5 min Sbl18, The latter decays to stable Sn118, emitting positrons in 
the process. The positron energy was found to be 3.1 + 2 Mev by absorption in 
berylliun. 

Tell9 has a period of 4.5 days and, also, by electron capture transforms to 
Sb119, The decay of Tell9 is accompanied by 1.5 Mev y-rays. As a result of elec- 
tron capture in Sb119 there is excited a 24 kev level of Sn119, which by a strong- 
ly converted y-transition de-excites to the ground state of Sn119, 

Zaitseva et al2 in their recent study, in addition to 4.5 day Tell9, observed 
an activity with a period of 12 + 1 hr also leading to the formation of Sb119, 
This means that Tell9 forms an isomeric pair. This is not surprising inasmuch as 
Tell9 (67 neutrons) is located in the same island of isomerism as the tellurium 
isotopes with mass numbers 121 through 133. It is also reported? that the decay 
of the 12 hour isomer is accompanied by emission of 660 kev y-rays. 

In the present work we investigated the decay of Tell8 and Tell9 and construc— 
ted a tentative level diagram for Sb119, 


Sources 


The neutron-deficient isotopes of tellurium were obtained by bombardment of 
a KI target with 660 Mev protons in the internal beam of the Joint Institute for 
Nuclear Research synchrocyclotron. The irradiation time was 1-1.5 hours. The 
tellurium fraction was separated chemically (see appendix) from the target some 
1-2 days after bombardment. The final product was metallic tellurium powder. The 
specific activity of the specimen owing to the necessity of adding a carrier was 
not high and amounted to only 5 mC/g. The sources for B-spectrometry were pre- 
pared by deposition of the tellurium from a suspension in alcohol with a small 
amount of BF adhesive onto 1.6 mg/cm2 aluminum foils. 


Equipment 


The y-spectrum and the y-y coincidence spectra were measured by means of 
scintillation spectrometers*. The y-ray detectors were 40 x 40 NaI crystals 
coupled to FEU-13 photomultipliers. The half-width of the Csl37 660 kev line 
was 10%. The resolving time of the coincidence circuit was 2t = 2°1077 sec. 

The spectra were recorded on a 100-channel pulse height analyzer (type AI-100). 
The electron spectra were measured on a two-lens B-spectrometer of the BML type, 
equipped with a helical aperture. Depending on the specific measurements, the 
resolution of the spectrometer varied from 1.5 to 3.5%, the corresponding trans- 
mission factors being 2 and 5%, respectively.5 

Some sections of the conversion electron spectrum were investigated on a 
spiral spectrometer® with a resolution of ~1%. In measuring B-y coincidences, | 
for the purpose of discriminating the partial B-spectra, we used a set-up con- : 


sisting of a two-lens B-spectrometer and a scintillation y-spectrometer, con- 
nected in coincidence. 7 
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Measurements and results 


a ponies inne Kartevpiot “a the positron spectrum obtained by means of the 
n Fig.1. As will be evident from the figure, the 

spectrum consists primarily of one component with end-point energy 2700 + 50 kev. 
Ee Ber oe determined from this spectrum proved to be 6.1 + 0.1 days. This value 

ows of attributing the activity to Tell8 or to Sb118 in equilibrium with it. 
However, further experiments carried out with the daughter Sb isotopes separated 
from the given tellurium specimen showed that this Bt-spectrum should be attri- 
buted to Sbl18. This inference is in agreement with the results of Lindner & 
Perlmanl. 

In investigating the y-spectrum and the conversion electron spectrum (see 
below) we did not detect any y-transitions corresponding to the above 6 day period. 
From this it may be concluded that the decay of both Te118 and Sb118 goes mainly 
to the ground states of the daughter nuclei. From the more accurate value for 
the Sb118 positron end-point energy obtained in our experiments, we find log ft = 
= 4.5, which corresponds to an allowed transition. Inasmuch as the ground state 
of the even-even Snl18 nucleus is 0+, it must be inferred that the assignment for 
the initial state of Sb118 is 0+ or 1+. 

McGinnis & Kundu8 who investigated the decay 
tie of 3.5 min Sb118 report observing a y-transition 
IF of 1.22 Mev energy and give a value of 0.05 for 
the y/68+ intensity ratio. From Coulomb excitation 
experiments it is known that Sn118 has a level with 
this energy and spin and parity 2+. If this level 
is actually excited with the indicated intensity, 

the 0+ assignment for 3.5 min Sb118 is excluded. 

Sb118 is reported to have another isomer with 
a period of 5.1 hours. [In our measurements with 
separated daughter Sb isotopes this period was not 


/ ae MeV observed, which is in agreement with the data of 
Fig.1. Kurie plot for the B*- Lindner & Perlmanl, 
spectrum of the tellurium Tell9 (T = 4.75 days). The y-spectrum of the 
fraction measured on the BML tellurium fraction recorded four days after bom- 
B-spectrometer with an 8 mm bardment by means of a scintillation spectrometer 
diameter, 3 mg/cm2 source. is shown in Fig.2. As repeat measurements carried 


out over a period of a month showed, the intensity 
of the spectrum in the region above 700 kev (Fig.2,b) falls off with a period of 
4.75 + 0.2 days. An equal decay period was noted for the peak at 270 kev and the 
main part of the ~150 kev peak, which is formed by superposition of two close 7- 
lines with different periods. The peak at 510 kev is due to annihilation of the 
positron radiation from Sb118 and falls off in intensity with a period of 6 days. 
After decay of the relatively short-lived activity there remained in the 7y-spec- 
trum the radiation corresponding to the long-lived tellurium isotopes: 154-day 
Tel21 (g, = 2.3, 506 and 575 kev) and 104-day Tel23 (E, = 159 kev) (Fig.2,a, dash- 
ed curve). 

In accord with the determined period (4.75 days), the observed y-radiation 
can be attributed to the decay of Tell9. Measurement on the antimony fraction 
separated from the source showed the presence of strong x-radiation, the intensity 
of which fell off with a period of 40 hours, which is in good agreement va thee 
value of T = 38 hours known for Sb119, Inasmuch as in the y-spectrum of Sb 
there should be observed virtually only characteristic x-radiation, it must be 
inferred that all the observed y-transitions with T = 4.75 days must be transi- 
tions between levels of Spl119, This was substantiated by experiments on the 
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Fig.2. y-Spectrum of the tel- 
lurium fraction, measured on a 


scintillation spectrometer four 


days after irradiation: a) 100 
to 600 kev region, b) 600 to 

3000 kev region. 
curve represents the contribu- 
tion from long-lived isotopes. 
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weakening of x-y coincidences for the 153, 271 
and 700 kev transitions in characteristic fil- 
ters (Cd, Ag, and Rh). In addition, for the 

153 and 271 kev transitions we measured (spiral 
spectrometer) the energy differences between 
their K and L conversion peaks. The values ob- 
tained substantiate the inference that these 7- 
transitions occur in a nucleus with Z = 51, i.e.,, 
in antimony. 

All the y-transitions in Sb119 could not be 
resolved in the y-spectrum obtained on the scin- 
tillation spectrometer. Additional information 
on these transitions was obtained by recording 
the conversion electron spectrum and the 7-7 
coincidence spectrum. The conversion electron 
spectrum, measured on the BML spectrometer, is 
shown in Fig.3. The line identifications shown 
in the figure were made on the basis of the 
known data on the radiations from Tel21, Te1l23 
and Tel25 and for the peaks for which there is 
no information in the literature on the basis 
of the determined periods corresponding to these 
peaks. We determined the K/(L + M) ratios for 
the 153 and 271 kev transitions. For purposes 
of comparison of the experimental ratios with 
the theoretical values we extrapolated the theo- 
retical of K/(L + M) ratios from the tables of 
Sliv & Band10,11 and Rosel2. Despite some un- 
certainty in the latter data (Rose's tables 
were calculated without taking screening into 
account), the results of comparison indicate 
that the 153 and 271 kev transitions are primari- 
ly of the dipole type. In addition, from com- 
parison of the intensity of the peaks corre- 
sponding to the 153, 271 and 1220 kev transitions 
in the y-ray and conversion electron spectra with 

the corresponding intensities of 
the peaks for the 213 kev transi- 


LOD tions Tel2l, sor wateh tenet 


Ea ren % aK KAL 4 m)| Multipole shell conversion coefficient is 
order known, we evaluated the values of 
152,7+0,3] 55+10] 0,12+0,03| 6,341 | M1 or Ox for these y-transitions in Sb!19,, 
M1 + E2 The experimental values of 
271,0+0,5] 35+8 0,04 -+0,005 | 6,2+0,5 ieee proved to be close to the tabulated 
760 + 10 values for Ml transitions. In view. 
Sane of the appreciable uncertainty in 
950 10 ~ 45 the experimental values, one can- 
980 20 jo not exclude the possibility of a 
ine eee 0,001 + 0,002 M1 or £2 certain admixture of E2. 
1370 <1 The data on the y-transitions 
2080 +- 20 6036 in Sb119 obtained from analysis of 
oO QY, 
2570 + 50° | ~.0,2 the singles Y-spectrum, the con- 


version electron spectrum and par- 
tially the y-y coincidence spectra - 
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Fig.3. Conversion electron spectra: 

a) 30 to 300 kev region; 5 mm dia- 

meter 0.2 mg/cm2 source; resolution 

~2 %; b) 300 to 1300 kev region, 8 

mm diameter 3 mg/cm“ source; reso- 
lution 3.5 %. 


are summarized in the accompanying 
table. 
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Fig.4. Decay scheme 


for Tell9, The 


figures in parentheses at the transi- 
tion lines are the relative intensi- 
ties of the transitions. 
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Fig.5. Spectrum of y-rays in the 50 to 
300 kev interval yielding coincidences 


with the 1220 


The results of y-y coincidence measurements enabled us 


tive diagram of the levels of Sb119 
diagram is shown in Fig.4. 
(Fig.5). 


excited in the decay of 
The most intense cascade is the 
The high intensity of this cascade and of the 153 


tions makes it imperative to introduce a level at 1370 kev. 
tensity of the 1220 kev transition is greater than the intensity of the 153 kev 
transition (see table), it must be inferred that the 1220 kev transition departs 


from a level at 1220 kev and feeds the ground state. 


kev y-rays. 


to construct a tenta- 
4.75 day Tell9, This 
153-1220 kev cascade 
and 1220 kev transi- 
Inasmuch as the in- 


The 2080 kev y-rays yield 


coincidences with the 127 kev y-rays (Fig.6) but do not yield coincidences with 


y-rays of other energies. 
at 2350 kev. 


It must therefore be inferred that there is a level 


In addition, there were observed 271-950, 271-1100 (Fig.7) and 153-950 kev 


(Fig.8) cascades. 
cascades, 


but there are coincidences 


It was also found that there are no 1100-950 and 271-1220 kev 
between the 153 and 271 kev 7-rays. 


These 


facts can be explained if we introduce a level with 271 kev energy and assume 
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that the 950 and 1100 kev 


p 4,22 
N° 1000 transitions arrive at this 


level from levels at 1220 © 
and 1370 kev, respectively.. 
In the high energy part of 
the spectrum of y-rays 
yielding coincidences with 
the 1270 kev gammas (Fig. 9)! 
there are evident peaks at 
920, 1000 and 1200 kev. 

On the basis of this and 
the existence of a 2570 kev 
transition we introduced 
levels at 2140 and 2570 
kev. It is not impossible 
ee —— that the level diagram for 
60 80 100 Spl19 i 

Channel No. n the 2 to 2.5 Mev 


Fig.6 Fig.7 region is more complicated 
than shown in Fig.4. 
Fig.6. Spectrum of y-rays yielding coincidences with Angular correlation 


the 2080 kev y-rays. Dashed curve - 
trum. 


singles y-spec- of the 153-1220 kev cas- 
cade was investigated on 


Fig.7. Spectrum of y-rays yielding coincidences with the set-up described in 
the 270 kev y-rays. Dashed line - singles spectrun. Ref.13. The correlation 
On the basis of these measurements one can determine function obtained, after 
the relative intensities of the 950 and 1100 kev 7- introduction of the ap- 
transitions not resolved in the singles spectrun. propriate corrections for 


the angular resolution of 


the detectors may be represented in the form 


W(6) = 1 — (0.06 + 0.01) 


P.(cos 6) + (0.01 + 0.01) P,(cos 8). 


Certain inferences regarding the spins and parities of the Sb119 levels can 


N+ 1000 1,22Mev 


50 70 90 
Channel No. 

Fig.8. Spectrum of y-rays yielding 
coincidences with the 153 kev y-rays. 
After subtraction from the spectrum 
of the Compton distribution from the 
1220 kev y-rays there remains a peak 
corresponding to a y-transition of 

950 kev energy. 


be drawn on the basis of the experimental 
data. The ground state of this nucleus is 
apparently 5/2+ (Ref.10). On the basis of 
the multipole orders of the 153 and 1220 kev 
transitions (see table) the 1370 kev level 
may be assigned spin values in the range 
from 1/2* to 11/2+. The low intensity of 
the 1370 kev cross-over transition (if it 
exists at all) 
would indicate 
that its multi- 
polarity is high- 
er than E2, In 
this case the 
1370 kev level 
| can only be 11/2. 
5: 80 Tee a6 90 The measured cor- 
Channel No. yelation function 
Fig.9. Spectrum of y-rays for the 153-1220 
yielding coincidences with kev cascade satis- 
1220 kev y-rays. fies the sequences 
| 
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0,51 Mev 11/2 (Q) 7/2 (D) 5/2 or 11/2 (D) 9/2 (Q) 5/2, the ad- 


10 mixture of quadrupole radiation to the dipole radiation 
in the first case being < 1073, and in the second case 
€3-10-4, Inasmuch as according to the measured value 
of the ratio K/(L + M), the 153 kev transition is mainly 
M1, one must prefer the second alternative and choose 
e. the 9/2+ assignment for the 1220 kev level. According 
aren to the inferred multipole order of the 271 kev transi- 
Channel Ne. tion (Ml or Ml + E2), the assignment for the 271 kev 
level may be 3/2+, 5/2+ or 7/2+. In view of the fact 
174Mev that the transitions to this level from the 9/2 (1220 
kev) and 11/2 (1370 kev) levels have an appreciable in- 
2,08 tensity the most probable assignment is 7/2+. 
2 In B-y coincidence experiments we were able to dis- 
tinguish B+ components with end-point energies of about 
1.7, 0.9 and 0.4 Mev yielding coincidences with the y- 
3 as Ss of Tell9, The Bt+/EC ratio amounts to several per- 
soo cent. The data of these measurements require further 
Laws checking and refinement; it may be concluded, however, 
Fig.10. Sections of the that the disintegration energy of Tell9 lies in the range 
scintillation y-spec- from 3 to 4 Mev. 
trum of the Te fraction Tell9 (T = 12 hours). In the y-spectrum of the 
measured 2 days after source investigated soon after separation of the telluri- 
irradiation. There are um fraction there were observed y-transitions with ener- 
evident y-peaks at 650 gies of 650 + 10 and 1740 + 20 kev (Fig.10). Their in- 
and 1740 kev which may tensities fell off with a period of the order of 10-15 


5 O65 


be attributed to the hours. In view of the results obtained in the work of 
Tell9 isomer with T = Zaitseva et al2 these transitions can be attributed to 
= 12 hours. the Tell9 isomer with T = 12 hours. We determined the 


intensity ratio of these y-rays and obtained 11740/Igs50~ 
x 4%, These transitions were not observed in the decay of 4.75 day Tell9, This 
- can be explained on the assumption that the spins of the Tell9 isomers differ 
_ greatly from each other and hence in their decay to Sb119 entirely different sets 
of levels are excited in the antimony nucleus. On the basis of these data it may 
be inferred that there is a level at 650 kev in Sb119, Location of the 1740 kev 
level in the decay scheme must await further experimentation. 

Isomerism of Tell9. Inasmuch as Tell9 is located in the 81 > N > 65 island 
of isomerism, where there occurs competition between the /u),, dy, and s:, states, it 
may be inferred that one of the Tell9 isomers has spin 11/2”, while the other is 
characterized by 3/2t or 1/2+ by analogy with the other odd isotopes of tellurium 
(Tel21 through Te133). 

The intensity balance drawn up for the y-transitions in Sb119 indicates that 
in the decay of 4.75 day Te119 there are excited with the greatest abundance the 
levels with energies 1220 and 1370 and tentative assignments 9/2+ and 11/2t. 
Evaluation of the log ft values for the B-transitions to these levels leads to 
7 + 0.4. It may be concluded from the y-transition intensity balance that the 
intensity of the B-transition to the 270 kev level is low (<10%) and that for this 
level log ft> 8. There apparently do not occur B-transitions to these levels from 
the Tel19 state with-T = 12 hours. It may therefore be concluded that the state 
of Tell9 with T = 4.75 is the excited isomeric state with spin 11/27. 

In this case the B-transitions to the 1370 and 1220 kev levels must be first 
forbidden transitions (AI = 0, yes) while the transition to the 270 kev level 
should be unique (AI = 2, yes). This is not inconsistent with the above labs. 
tions of log ft for these transitions. This being the case, the state of Te 
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with T = 12 hours must be the ground state. According to the Mayer single- 
particle model, it must have spin and parity 1/2+ or 3/2+. Definitive inferences 
on these points must await further detailed investigation of the decay of Tell9, 

The isomeric transition between the isomeric states has not been detected. 
Apparently the partial lifetime with respect to B-decay in this case is appreci- 
ably shorter than the lifetime for the isomeric transition to the ground state. 

We desire to express our gratitude to V.N.Mekhedov for making available the 
radioactive sources and for his interest in the work and L.Vasina, B.A.Komisarova 
and Chzhen Tszunshuan, students in the Physics Department of Moscow State Univer- 
sity, for their assistance in carrying out the measurements and processing the 
experimental results. 
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Appendix 


Separation procedure 


The proton bombarded potassium iodide (6-8 g) was dissolved in 30 ml 1N HCl}; 
it contained approximately 5-10 mg tellurium, 10 mg each As, Sn and Sb and traces 
of Ca, Ni, Se, Cu, V and Cr. The sulfides were precipitated by means of HoS, 
filtered out with a No.4 glass filter and washed with 0.3 N HCl. After elimina- 
tion of the soluble sulfides by means of concentrated HCl, the arsenic and tel- 
lurium sulfides were dissolved in a mixture of hydrochloric and nitric acids. 
Further operations for separating the radiochemically pure tellurium were carried 
out by the procedure described earlier!4, As the source for the measurements we 
used metallic tellurium, precipitated by means of S09. 


ae 
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| For separation of the daughter products (antimony isotopes), the metallic 
tellurium was dissolved in 8 M HCl containing Bro; then 10 mg Sb (V) were added 
to the solution and the antimony was extracted with diisopropyl ether. The ether 


layer, washed with an equal amount of 8 M HCl, served as the source for the mea- 
surements. 


* * * * * * * 


INVESTIGATION OF THE PROBABILITIES FOR RADIATIVE TRANSITIONS BETWEEN THE 
ROTATIONAL LEVELS OF Erl66 AND Tm169 


- E.E.Berlovich, V.V.Il'in, A.I.Kislyakov, M.K.Nikitin & T.Bedike 


The ytterbium fraction chromatographically separated from the other rare 
earth elements formed in a tantalum target bombarded with 660 Mev protons contains 
two long-lived ytterbium isotopes: Yb166 and Yb169, yp166, which has a period of 
58 hours, converts by electron capture to Tm166 | which in turn, with a period of 
7.7 hours, transforms to stable Erl66, yb169, which has a period of 30.6 days, 
disintegrates to stable Tm!®9, Both even-even Erl66 and odd-odd Tm169 belong in 
the group of strongly deformed nuclei and have a clearly evinced rotational level 
structure. The Tm!69 nucleus, in addition to the ground state band with K = 1/2 
(K is the projection of the total angular momentum on the nuclear deformation 
axis) apparently has one or two bands with K = 7/2. 

The purpose of the present work was to investigate the lifetimes of the first 
excited level (81 kev) of Erl66 and three levels (118, 139 and 473 kev) of Tm169, 
We employed the method of a twinned magnetic spectrometer by means of which one 
can carry out measurements of e—e, B—e, A—e and A—A coincidences (here e de- 
notes internal conversion electrons, B - decay electrons and A - Auger electrons). 
The twin magnetic coincidence spectrometer consists of a combination of two mag- 
netic spectrometers of the sector type with improved focusing? with independently 
controlled magnetic fields and a coincidence circuit with a variable delay line. 
The transmission factor of each arm of the spectrometer is 1% of 41; the resolu- 
tion in the pulse scale is better than 2%. The electrons are detected by means 
of POPOP scintillators with a decay time of 2-10-29 sec. 


The radiations emitted in the process of electron capture in Tml166 have been 
investigated by a number of authors3-7, so that the decay scheme for Tm166 has 
been established in considerable detail®. The most intense lines in both the 7- 
ray spectrum and the conversion electron spectrum are the lines associated with 
E2 type transitions of 184 and 81 kev energy between the 4+, 2+ and ot levels 
of the ground state rotational band (K = 0) (see insert in Fig.l). 

During the first days after separation of the ytterbium fraction the intensi- 
ty of the conversion lines of the 81 kev transition in Erl66 is at least an order 
of magnitude greater than the intensity of the strongest lines of the transitions 
in Tml69, Moreover, under our conditions the M line of the 81 kev transition in 
Erl66 was well resolved from the close K line of the 130 kev transition in Tm+°Y, 
and the K line of the 184 kev transition was clearly separated from the close K 
line of the 177 kev transition in Tm169, In Fig.2, which shows the conversion 
electron spectrum of the ytterbium fraction recorded after decay of the 58-hour 
Yb166, the locations of the M line of the 81 kev transition and the K line of the 


184 kev transition are indicated by arrows. 
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Fig.1. Decay curve for the 81 kev state of Erl66 (T) 5 = 2.0 + 0.2)-+1079 sec). 
Fig.2. Spectrum of conversion electrons emitted by Yb169, 


The ytterbium activity, separated chromatographically in the form of the 
lactate, was applied in a narrow strip on a collodion film, the thickness of 
which is characterized by the appearance of interference colors. The film was 
lightly metallized by vacuum evaporation. 

Fig.1 shows the decay curve in semilogarithmic coordinates for the first 
excited (2+) state of Erl66, obtained by measuring the number of coincidences 
between the K electrons of the 184 kev transition (left arm of the spectrometer) 
and the M electrons of the 81 kev transition (right arm of the spectrometer). 

We obtained a value of (2.0 + 0.2)°10-9 sec for the half-life of this state. 
This value agrees with the result obtained earlier in our laboratory? in investi- 
gating Hol66-+Erl66 decay on a twin scintillation spectrometer, and, accordingly, 
leads to the same value of the internal quadrupole moment of Erl66 (Qo = 6.8+10-24 
cm“). 


Tm169 


The Yb169-+7m169 conversion scheme, established as a result of numerous in- 
vestigations of the electromagnetic and conversion radiationsl0-15, is shown in 
Fig.3. 


Investigation of the lifetimes of the excited states of Tml69 is of particu- 


lar interest in view of the fact that this nucleus has a ground state rotational 
band with K = 1/2. Rotational bands of this type represent an exceptional case 

in which the coupling between the spin of the odd nucleon and the nuclear deforma- 
tion axis is disturbed. This leads, in particular, to a more complex sequence of 
level energies in the band than obtains in other cases, namely ,16 


Ey = 57 1[ (+4) +a(— (4 5)], (1) 
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where @ is a factor character- 
izing the degree of disturbance 


169 
70\ 0 gg A or weakening of the said coup- 
Ae] ling. The values of the para- 
: meters entering into Eq.(1) can 
S be determined from the experi- 


mental values of the level ener- 
672,91 1.4-10"8seo Sies: for example, from the data 


N. of Baranov et all4 

‘ : 
a= -0.763 and —_—= 12.457 kev. 

379,31 36-1078 sec at 


Further, at energies only 
316.19 6,7-1077 sec 200-300 kev higher than the ener- 
gy of the upper level (7/2+) of 
the ground state rotational band, 
there are located levels with 
other states of internal motion, 
levels which have high spin 
values (7/2 and 9/2) and are in- 
138,95 65-10 sec tensively populated in electron 
118,20 <§-10%sec capture of Yb169, the spin of 
which is, apparently, 7/2. This 
leads to the appearance of strong- 
ly forbidden (owing to the large 
642 37-108 sec AK) , but at the same time in- 
, 0 tense transitions from the high- 


59! ™\o0 er lying levels to the levels of 
the lower band, which are not 
Fig.3. Decay scheme for Tb169, directly populated in electron 


capture of Yb169, Owing to this 


-K-forbiddance and the relatively low values of the energies of the transitions to 


the levels of the ground state band, the lifetimes of the levels from which these 
transitions depart are very considerable. 
A. Transitions between the levels of the ound state rotational band. The 


100 


2t, -32:10 93sec 


4 oy “6 9 
tn 9107 sec 


lifetime of the first excited level in Tm (8.42 kev, 
3/2+) was measured by Beekhuis & De Waardl7, who ac- 
celerated the M shell conversion electrons by means of 
a high potential and investigated coincidences between 
the accelerated electrons and y-rays. They obtained 
for this level Ty/g = (3.7 + 0.5)°10-9 sec, which after 
taking into account conversion on the M and N shells 
yields a value of (3.0 + 0.4)-107" sec for the radia- 
tion period Ty, which is in satisfactory agreement with 
the result of calculations carried out by these authors 
for the probability for an Ml transition inside a band 
with K = 1/2 by means of the equations given for this 
case by Mottelson & Nilsson18; 


Ty = 3-6-1077 sec. 


«-Fig.4. Variation of the number of coincidences between 


the M electrons of the 110 kev transition and the K 
electrons of the 198 kev transition in Tm169 as a func- 
tion of the delay time (T1/2 < 5-10-10 sec). 
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To determine the lifetime of the second excited level (118 kev, 5/2+), we 
investigated the coincidences between the conversion electrons of the 198 and 110 
kev transitions. The Yb!69 conversion electron spectrum as recorded by one of 
the arms of the twin magnetic spectrometer is shown in Fig.2. For the coincidence 
measurements the right arm of the spectrometer was set on the K198 line, the left 
arm on the K110 line. The coincidence curve, shown in semilogarithmic coordinates 
in Fig.4, proved to be symmetrical. 

The upper bound of the period of the 118 kev level determined from the slope 
of the left hand branch of the curve is Tj/2 < 5-10-10 sec. The lifetime of this 
level is determined primarily by the 110 kev mixed Ml + E2 transition, inasmuch 
as the relative intensity of the 118 kev pure E2 transition is only ~10% (Ref.13).. 

The admixture of E2 in the 110 kev transition, according to Kel'man et a119, 
is only 2.5%. Hence, tentatively treating it as pure Ml, assuming the values of 
110 = 2.39 and Q118 = 1.46 for the total conversion coefficients of the 110 and 
118 transitions, respectively, and utilizing the relationship 


L130 = Mae 110) + 0.4 (4+ H118)] Tx, 


we obtain for the upper bound of the radiative period Ty110 <1.8°10-9 sec (110 
kev Ml type transition). 

One can readily calculate what the unified nuclear model predicts for this 
case. The probability for an Ml type transition is given by the expression!§ 


AMM) ae 20. (Gz) -B (M1), (2) 


where (1/1) is the reduced probability,which for transitions inside a band with 
K = 1/2 is of the forml8 


A cok 3 eh 227+14 2 Le 
FSM lee oe. To 1 Colle (ah jor t85P 3 (3) 
the parameters G, and 0), are given by 
1 
Goi 30 sap 8) 7] (ea) Spe (BE Sap (3a) 


1 1 
= — 36, | 88+ 78, — E(t —a)—gy (-+0)], Si 


The experimental value of the parameter « was given above. The value of the 
magnetic moment of the Tm169 nucleus, determined by Lindenberg & Stendel20, is 
= (-0.20 + 0.05) nuclear magnetons. : 

The spin and orbital g factors for the odd-Z Tml69 nucleus may be taken 
equal to the corresponding g factors for an odd proton: 


g, = 5.58 and g =i, 


and the value of the ¢ factor for the collective rotation may be taken as 


4) 


ay = 0.41. 


Making use of the above equations, we readily obtain 


Py (Mt 24: s3y7- 10711, seu 


Y 


which is not in conflict with the above e 
xperimentally deduced 
the radiative period of a 110 kev Ml radeieeaat v upper bound for 
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Pi, <-Fig.5. Variation of the number of coincidences between 

ay the K electrons of the 130 kev transition and the K 

electrons of the 177 kev transition in Tml69 ag a func- 
tion of the delay time (Tyg < 5-10-10 sec). 


To determine the lifetime of the third excited level 
of Tm169 (139 kev, 7/2+), we investigated the coinciden- 
ces between the K shell conversion electrons of the 177 
and 131 kev transitions. The experimental results are 
shown in Fig.5. From these one can also only determine 
the upper bound for the period: Ty/9 < 5°10-10 sec. 

In view of the fact that the intensity of the 20.75 
kev transition from the 139 kev 7/2+) level is very low, 
the lifetime of this level is determined mainly by the 
131 kev pure E2 transition. Taking into account the 
value of the total conversion coefficient (Q13) = 1), 

6 2 =p % we obtain for the radiative transition period Ty < 1-10-79 
sec. 


700 


‘pe tiliipe sec 
Knowing the value of the parameter a and using the 
value of the deformation (0.28) obtained from Coulomb 
excitation experiments2l1, by means of the formula for the probability of E2 type 
transitions in an odd nucleus inside a band with K = 1/2 with change of spin by 
two units, we find that the expected value for the radiative period is 3.7-10710 
sec. 

B. Lifetime of the 473 kev level. Determination of the lifetime of the 
highest-lying (9/2-) of the levels of Tm169 excited in the Yb169__Tm169 gecay 
process is essential for establishing the nature of this level. It will be re- 
called that in strongly deformed nuclei with odd A there is usually an appreci- 
able number of states of single-particle origin with lifetimes greater than 10-8 
sec.22 In particular, in Tml69 there are single-particle levels with periods of 
6.7°10-7 sec (316 kev) and 3.6°10-8 sec (379 kev). 

Hatch et all3 identified the 473 kev level as the first excited level of a 
rotational band based on the 379 kev (7/27) single-particle level. The follow- 
ing arguments may be advanced in favor of this interpretation: first, the 94 kev 
transition from the 9/27~ level to the 7/27 level is a mixed Ml + E2 transition 
(the admixture of E2 according to Kel'man et all9 is 3.5%), which is character- 
istic of transitions between levels inside a rotational band in odd nuclei with 
a one unit change in spin; second, it follows from consideration of Nilsson's 
diagram23 that above the 7/27 level there is no single-particle orbit with nega- 
tive parity closer than several hundred kiloelectronvolts. If the identification 
of the 9/27 level as a rotational one is correct, its lifetime should be of the 
order of 10719 sec. 

The measurements of Mihelich et al24, who investigated coincidences between 
K x-rays and y-rays, led to a value of Tj/2 = 4-10-7 sec for this level, which 
would preclude its being 2 member of a rotational band. Hence these authors 
identify this level as a single-particle one. 

Further, Nathan & Marklund29 measured the coincidences between the L conver- 
gion electrons of the 94 kev transition, detected by means of a magnetic spectro- 
meter, and the K x-rays, detected by means of an NaI crystal. They obtained 
T1/2< 5-10-78 sec. This result, while not conclusive, does not preclude identi- 
fying this level as a single-particle one. 

Lastly, Hatch & Alburger26 investigated coincidences between the L conver- 
gion electrons of the 94 kev transition, detected by a magnetic spectrometer, 
and the K capture x-rays. In contrast to the procedure of Nathan & Marklund, to 
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Fig.6. Variation of the number of coincidences 

between the K conversion electrons of the 94 kev 

transition in Tm169 and the Auger electrons as 

a function of the delay time: a) K 94—A co- 

incidences, b) K 94—A (1) and A—A (2) coinci- 
dences, 


improve the time resolution 
these authors detected the x- 
rays by means of an anthracene 
crystal. They obtained Tj/2<¢ 
< 3°1072 sec. This result is 
consistent with the level being 
a member of a rotational band. 
In order to resolve the 
question, we undertook measure- 
ments of the lifetime of this 
level by the twin magnetic spec— 
trometer procedure, which is 
free of the shortcomings of the 
techniques earlier employed and 
which combines good energy reso— 
lution with good time resolutiom 
For determining the life- 
time of the 473 kev state we 
studied coincidences between 
the K shell conversion electrons: 
of the 94 kev transition and K = 
- 2L Auger electrons, which com— 
pete in the process of electron 
capture with x-rays. Both peaks: 
are clearly evinced in the spec— 
trum shown in Fig.2. The energy; 
of the conversion electrons is 


34 kev; the energy of the Auger electrons is 39 kev. Although the Auger electron 
yield in the given Z region is of the order of 7%, the intensity of the K capture 
branch to the level in question amounts to only 10%, and a large number of the 
electrons comprising the Auger peak of interest accompanies numerous conversion 
electrons in the Tml69 nucleus (including the 93.6 kev transition); simple calcu- 
lations (taking into account the transmission factor of the spectrometer, the 
branching ratio, the scintillation yield, and the resolving time of the coinci- 
dence circuit) show that both the absolute rate of the counted coincidences and 
the ratio of actual to chance coincidences are ample for carrying out decisive 


measurements. 


The coincidence curve (Fig.6,a) proved to be almost symmetrical (width at 
half-height 2T ~ 5*1079 sec). From the slope of the left hand branch, which in 
case of a sufficiently long lifetime would have an exponential section, we find 
that the upper bound for the period is 1.1-107-9 sec, 

One can, however, determine not simply the upper bound but the value of the 
lifetime if one finds a "prompt" transition with the same electron energies. For 


a "prompt’’ curve one can use A—A coincidences. 


The Auger electrons yielding 


these coincidences accompany conversion in two of the investigated cascades (198— 
—110 and 177—130 kev) for which, as was shown above, the period of the inter- 
mediate levels Ty /2 < 5-10-10 sec. In this experiment both arms of the twin mag- 
netic spectrometer were set on the K - 2L Auger line. In view of the fact that 
the Auger electrons accompanying both the conversion transitions forming the cas- 
cade enter into either of the spectrometer arms, the presence of a finite life- | 
time of the intermediate level leads only to a minor broadening of the coinci- 


dence curve but does not shift its centroid. 


From two series of experiments (the results of one series are shown in Fig. 
6,b) we obtained a mean value of 6.1°10719 sec for the displacement of the cen- 4 
| 
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troids of the K 94—A and A—~A coincidence curves. 

However, for calculating the lifetime of the level from the observed shift 
of the curve centroids one must take into account the following effects: 

1. In returning the left arm of the spectrometer from the K 94 line to the 
K - 2L Auger line the electron energy changes from 34.1 to 39.3 kev. According- 
ly, there is a change in the electron transit time from the source to the detec- 
tor (58 cm). The difference between the flight times in the two cases is 4-10-10 
sec, which leads to a shift of the coincidence curve by this amount to the right. 
This additional displacement must be subtracted from the experimental value. 

2. There is a finite interval between the instant the electron impinges on 
the detector (phosphor) and the instant of appearance of the l-th electron on the 
photomultiplier cathode; this time is given by the familiar Post-Schiff formula: 


pees! ammo a (4) 


where Tp is the fluorescence lifetime (decay time) of the phosphor, and 7 is the 
number of photoelectrons. 

From the POPOP scintillator employed in our work Tp = 2-10-9 sec and the 
scintillation yield is equal to approximately 0.8 the yield of stilbene. This 
means that for electron energies of 34.1 and 39.3 kev with a photocathode effici- 
ency of 10% the values of m are 7 and 8 electrons, respectively. It follows from 
the amplitude of the pulses measured at the output of the photomultiplier and 
the cut-off potential of the limiter tube that the lower bound for tripping of 
our circuit is not more than two photoelectrons. The mean time for appearance of 
a second photoelectron for incident electron energies of 34.1 and 39.3 kev are 
7.2+10-10 and 6.1-10-19 sec, respectively. This means that as a result of retun- 
ing of the left arm of the spectrometer the centroid of the coincidence curve must 
be displaced 1.1-1071° sec. 

3. The centroid shift obtained after introduction of the above corrections 
(6.1°10-10 - 4-10-10 - 1.1-10-10 = 1.1-10-10) must be multiplied by two. This is 
due to the fact that in addition to e—A coincidences, corresponding to Auger 
~ electrons appearing in electron capture, there are also "prompt" coincidences of 
the same type, corresponding to Auger electrons accompanying the K shell conver- 
sion electrons of the 94 kev transition. The number of coincidences of both types 
is the same, which leads to reduction of the experimentally observed relative 
shift of the centroids by a factor of two. Thus after introduction of all the 
corrections we obtain Ty = (1.4 + 0.7)-10719 sec for the period of the 4173 kev 
level. The indicated uncertainty appreciably exceeds the deviation from the mean 
value in view of possible, unaccounted for systematic errors. 

The radiation lifetime obtained by taking into account conversion for an Ml 
94 kev transition (the admixture of E2 is insignificant) proves to be 31 times 
greater than the lifetime calculated according to Weisskopf's single-particle 
formula. 

It may therefore be asserted that the 473 kev (9/27) level is the first ex- 
cited level of a third rotational band with K = 7/2 based on the 379 kev (7/27) 


1. 
C. Transitions between levels of different rotational bands. The transitions 
between the levels of different rotational bands in Tml were investigated earli- 
er in our laboratory by means of a twin scintillation spectrometer.27 The results 
obtained in this investigation are summarized in the accompanying table. 

Column 7 gives the radiation lifetimes obtained from experiment; column 8 - 
the lifetimes calculated by means of the Weisskopf single-particle formula; column 
9 - the values of the F factor, which is defined as the ratio of the experimental 


to the single-particle probability for a radiative transition (or the inverse 
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Characteristics of the transitions between the levels of 
different rotational bands in Tm169 


145 Bor ays 
4 0.4/ Tran.| +, ¥ TC. ree, Gyre 
Level ~ |Qaetl at. |ray in—|@,.4 | “Yexp.?| Weiss?) F = -=—=s 
T, exp, sec Gg b| si. : tot Te 
ener ey, % eR 6 6 a tion | tensity ae pales xp 
i Ap ov 
{ 2 3 4 5 6 7 8 9 
Ae E2 5,6 0,54 | 2,9-10-* | 8,3-10-° FG) oll OR 
177 M1 20 0,87 | 6,4-10-° ni orjser mee sie 
Bi ) 2). 10a 498 E2 4,6 0,45 | 3,5-4075.| 4,8-10- AES oa) 
BO GMEO 2 NaN) ta eet ee 0783 | 3,5-10-6 |4,1-40-22| 1,2 -40-8 
308 | #2 18 0,05 1°9;0-40-* 1/5, 2-104 0,58-10-3 
63 EA 65 0,9 4-41:10-? |4,2-10- i 451 -10-5 
Sis || PAO) 7a 4 0,03.) 6,4:10-©| 252-102" 0,34-40-8 
BET ae 260 | EB 8 0,03 | 7,8-40-7 |1,8-10-4| 2,3 -10-8 


Note: Tweisg = lifetime calculated by means of the Weisskopf single-particle 
equation. 


ratio of the lifetimes) , and is a measure of the hindrance of the transition. It 
will be seen from the table that the E2 type transitions are retarded by 3 orders 
of magnitude, the Ml type transitions by 6 orders, El type transitions with ener- 
gies of 240 and 260 kev by 8 orders and the transition of 63 kev energy by 5 or- 
ders. 

The long lifetime of the 316 kev level has been explained by Koicki & 
Koicki28 as being due to the fact that the transitions from it are forbidden by 
the K selection rules. Actually, all transitions from this level go to levels 
of the lowest band so that AK = 3. The degree of forbiddenness, characterized 
by the number 


Y=MXK -L, 


where L is the multipole order of the transition, is equal to two for Ml type 
transitions and to unity for E2 type transitions. 

Thus for all transitions from the 316 kev level the hindrance per unit for- 
biddenness amounts to 3 orders of magnitude. It is interesting to note that 
this pertains to the E2 type transition as well, although in other cases electric 
quadrupole transitions in deformed nuclei are actually speeded up by 2 orders. 

The magnitude of the hindrance per unit forbiddenness for the 240 and 260 
kev El transitions from the 379 kev level is 4 orders. As for the 63 kev transi- 
tion between the 7/2~- and 7/2+ levels, its hindrance is not connected with K for- 
biddenness but, as was shown in Ref.27, is connected with forbiddenness with re- 
spect to the asymptotic quantum numbers A, and 7,, of which the first two are, 
respectively, the projection of the orbital and spin angular momenta on the de- 
formation axis, and the third is the quantum number of the nucleon oscillations 
along this axis. The values of these three quantum numbers, which can be obtain- 
ed with the aid of the formulas of Nilsson23 and the value of the deformation 
(0.28) of the Tm169 nucleus, known from Coulomb excitation studies2!, are 


A=3, I= 1, nz=2 for the 379 kev level, and 
A=4, xZ=—!/,, nz=0 for the 316 kev level. 


By means of the asymptotic number selection rules deduced by Voikhanskii29 
| 


one can establish that in the given case there is one degree of forbiddenness with 
) 
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respect to each of these numbers. The transition probability per unit forbidden- 
ness decreases therefore by a factor of 10-100, just as it does in most other 
cases29, 

The radiative lifetime calculated by means of Nilsson's23 formulas for the 
probabilities for the single-particle transitions in deformed nuclei proved to 
be equal Lost = 2.3°107-8 sec in the given case, which is in considerably better 
agreement with the experimental value: Ty/t., = 0.21. 

All the data on the lifetimes of the levels of Tm169 are shown in Fig.3. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 


Note added in proof: After submission of the present report to the editor, we 
became acquainted with the work of Blaugrund30, This author measured the life- 
times of two levels of Tm169 by means of a new microwave technique and obtained 
T1/2 = (6.2 + 1.0)-10-11 sec for the 118 kev level and Tyg = (2.9 + 0.7) -10710 
sec for the 139 kev level. These periods are not inconsistent with our data. 


References 


we E.E.Berlovich, Izv.AN SSSR, Ser.fiz., 24, 336 (1960). (Trans.Bulletin, 24, 
323. 
2. E.E.Berlovich, Ibid., 18, 589 (1954). (Trans.Bulletin, 18, 274.) 

3, G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii & B.K. Preobrazhenskii, Ibid., 
21, 1004 (1957). (Trans.Bulletin, 21, 1005.) 

4. B.S.Dzhelepov, B.K.Preobrazhenskii & v.A.Sergienko, Materialy soveshchaniya 
vy OIYaI po primeneniyu radiokhimicheskikh metodov izucheniya yadernykh reaktsii 
i B-y-spektroskopii neitronodefitsitnykh yader (Transactions of the Conference 
Held at the Joint Institute for Nuclear Research on the Use of Radiochemical Meth- 
ods in Investigating Nuclear Reactions and B-y Spectroscopy of Neutron-Deficient 
Nuclei). Vol.III, p.12, Dubna, 1958. 

5. V.1.Baranovskii, A.N.Murin & V.N. Pokrovskii, Ibid., p.22. 

6. K.Ya.Gromov, B.S.Dzhelepov, A.G.Dmitriev, V.A.Morozov & A.V.Kalyamin, 
Ibid., p.32. 

7. E.P.Grigor'ev, B.S.Dzhelepov & A.V.Zolotavin, Izv.AN SSSR, Ser.fiz., 23, 
188 (1959). (Trans.Bulletin, 23, 180.) 

8. B.S.Dzhelepov & L.K. Peker, Skhemy raspada radioaktivnykh yader (Decay 
schemes of radioactive nuclei), M.-L., 1958. 

9. E.E.Berlovich, Izv.AN SSSR, Ser.fiz., 20, 1438 (1956). (Trans.Bulletin 
20, 1315.) 

10. S.Martin, E. Jensen, F.Hughes & R.Nichols, Phys.Rev., 82, 579 (1951). 

11. S.Johansson, Phys.Rev., 100, 835 (1955). 

12. J.Cork, M.Brice, D.Martin et al, Phys.Rev., 101, 1042 (1956). 

13. E.Hatch, F.Boehn, P.Marmier & J.DuMond, Phys.Rev. , 104, 745 (1956). 

14. S.A. Baranov, R.M.Polevoi, Yu.F.Rodionov & G.V.Shishkin, Atomnaya energiya, 
3, 456 (1957). (Trans.Soviet J.of Atomic Energy.) 

15. K.Ya.Gromov, B.S.Dzhelepov & B.K.Preobrazhenskii, Izv.AN SSSR, Ser.fiz., 
22, 775 (1958). (Trans.Bulletin, 22, 1703) Loud 

16. A.Bohr, Rotational States of Nuclei. Article in Problemy sovremennoi 
fiziki” (Problems of Modern Physics, 1. Unified nuclear model) , Moscow, 1956. 

17. H.Beekhuis & DeWaard, Physica, 24, 767 (1958). 

18. B.R.Mottelson & S.G,.Nilsson, Z.Phys., 141, 217 (1955). 


- 1492 - 


19. V.M.Kel'man, R.Ya.Metskhvarishvili, B.K. Preobrazhenskii, V.A.Romanov & 
V.V.Tuchkevich, Zhur.eksp.i teor.fiz., 37, 639 (1959). (Trans.Soviet Physics - 
JETP. ) 
20. K.Lindenberg & A.Stendel, Naturwissenschaften, 42, 41 (1955). 

21. B.R.Mottelson & S.G.Nilsson, Classification of nucleon states in a de- 
formed nucleus. Article in "Problemy sovremennoi fiziki, 1. Obobshchennaya model" 
radra" (Problems of Modern Physics, 1. Unified nuclear model) , Moscow, 1956. 

22. B.R.Mottelson & S.G.Nilsson, Mat.-fys. Skriftas Kongl.Dans.Vid.Selsk., 


1, No.8, 1-105 (1959). 
23. S.G.Nilsson, Kgl.Danske Videnskab Selskab. Mat.-fys.Medd., 29, No.16, 


1-68 (1955). 

24, J.W.Mihelich, T.J.Ward & K.P. Jacob, Phys.Rev., 103, 1285 (1956). 

25. O.Nathan & I.Marklund, Nucl.Phys., 6, 102 (1958). 

26. E.Hatch & D,Alburger, Phys.Rev., 110, 1116 (1958). 

27. E.E.Berlovich, V.N.Klement'ev, V.G.Fleisher, O.V.Larionov, F.Sh.Murtazin 
& D.A.,Apostolov, Zhur.eksp.i teor.fiz., 37, 1202 (1959). (Trans.Sov.Phys. - 
JETP. ) 
28. S.Koicki & A.Koicki, Bull.Inst.Nucl.Sci.Boris Kidrich, 6, 1 (1956). 

29. M.E,Vokhanskii, Zhur.eksp.i teor.fiz., 33, 1004 (1957). (Trans.Soviet 
Physics - JETP.) 

30. A,E.Blaugrund, Phys.Rev.Letters, 3, 226 (1959). 


- 1493 - 


INTERACTION OF CARBON IONS WITH PHOTOGRAPHIC EMULSION NUCLEI 


- L.I.Bolotin, A.P.Klyucharev, Yu.F.Kulygin, Yu.N.Ranyuk, 
E,1.Revutskii & N.Ya.Rutkevich 


The present work was concerned with investigation of the interaction of car- 
bon ions with the nuclei in photographic emulsions. Actually, emulsions contain 
- relatively small number of elements which may arbitrarily be subdivided into 

light" - carbon, nitrogen and oxygen - and "heavy" - bromine and silver. 

The 110 Mev carbon ion beam passed through a magnetic analyzer, was defined 
by an aperture, and allowed to fall on the photographic plate tilted at an angle 
of 25° to the beam axis. The exposure time was chosen so that the track density 
would be convenient for examination. There were observed in the emulsion events 
(stars) with the emission of charged particles: protons, Q-particles and heavier 
fragments. 

By virtue of the use of discriminative emulsions (NIKFI type D) we were able 
to distinguish between singly and double charged particles without difficulty. 
Owing to the complex composition of the emulsion one could not determine precise- 
ly with what type of nucleus the incident ions interacted. However, even without 
complete energy analysis of the star we could, from the range of the recoil nucle- 
us, determine whether the collision occurred with a light or heavy nucleus. 

Knowing the initial ion energy and having 


N : measured the range of the ion up to the collision, 

4g : we could determine the kinetic energy of the C ion 

2) at the instant of the encounter. Histograms show- 
ing the variation in the number of stars formed 

- with the kinetic energy of the ion at the instant 

u 


of collision are shown in Fig.1. 

The Coulomb barrier in the interaction of car- 
bon ions with carbon, nitrogen and oxygen is 18-20 
Mev, with bromine and silver - 40-50 Mev. From the 
data of Fig.1 it follows that the threshold for star 
formations lies substantially higher than the poten- 
tial barrier for the light nuclei and approximately 
at the level of the barrier for heavy nuclei. 

The characteristics of reactions produced by 


0 carbon ions on emulsion nuclei are listed in the 
20 40 60 BR 100 #0 accompanying table. Noteworthy is not only the 
E, Mev great diversity of the reactions but the predomin- 
Fig.1. Variation in the ance of Q-particles over protons in the products: 
number of stars formed as thus of 1300 charged particles produced in the ana- 
a function of the ion kin- lyzed reactions only 300 particles may be identi- 
etic energy at the instant fied as protons or other singly-charged particles. 
of collision: a) Ag and Br The predominance of Q-particles over protons 


(203 events), b) C, N and O in the reaction products can readily be understood 
(391 events), c) all emul- if we recall that for the C12 nucleus the most ad- 
sion nuclei (total of 594 vantageous fragmentation from the energy standpoint 
events). is break-up into three aQ-particles. The binding 
energy of the carbon nucleus with respect to break- 
up into three a-particles is 7.3 Mev, i.e-, less than half the binding energy of 
the last neutron (18 Mev) and last proton (16 Mev) in the C nucleus. A substan- 
tially higher yield of Q-particles as compared with the yield of protons was also 
observed in the work of Parfanovich et all in bombarding emulsions with 0 and N 


ions. 
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Characteristics of reactions produced by carbon ions 


Bombarded nu— lp | Bombarded | teen Bombarded 
Bsc” |vatewen os [Renesas AMauere | eee ea 
products] ¢ no Br, Ag ations C,N,O | Br, Ad praducts C,N,O | Br, Ag 

! cones i a 

6 28 2p, 20 ee 1 Pf 2 1 

oh 8 5 Z 28 35 oo, Ran 7 

3 { ms Qa 81 67 eS ere 6 
a,p 33 49 Polo? 67 46 SO 10 4 
p, 2a hh 20 me 14 8 Fe ka opek 4 
fa, oe! 16 3 Da 2 — P, 2a, f 6 4 
P, 4a | 4 6a 13 -= P, oa, f 2 4 
2p, o 13 4 | tic 3 — PADEM I. ff 2 = 


Of particular interest are the six- and seven- 
pronged stars (Fig.2) formed by doubly-charged particles. 
ros Analysis of the kinematics of 20 such stars led to re- 
Lt sults in good agreement with the assumption that in each 
$f. pets of them there occurred break-up of both the incident nu- 
Lie” cleus and the target nucleus into alpha fragments. 
Narn An appreciable fraction of the reactions occurred 
° with the emission of fragments heavier than Q-particles. 
XN The observed reactions with the emission of protons, 
a Q-particles and possibly neutrons may be regarded as 
\ proceeding through a compound nucleus, while reactions 
nee as a result of which there are emitted only Q-particles 
may be interpreted as events, involving direct interac- 
Fig.2. Star formed in tion of the projectile with the target nucleus. This 
an encounter of a car- is substantiated by the observed Q-particle distribu- 
bon ion with an oxygen tion, which is predominantly forward. 
nucleus. The direct interaction process has recently been 
considered by Inopin2 on the basis of the Q-particle 
model. From the standpoint of this model Inopin regards the beryllium nucleus 
as a dumbbell composed of two Q-particles and a weakly bound neutron moving about 
them; the carbon nucleus is modeled in the form of an equilateral triangle with 
the Q-particles located at its vertices; in the oxygen nucleus the Q-particles 
are assumed to be located at the vertices of a tetrahedron. In the first approxi- 
mation, it is assumed that the radius of the target nucleus is appreciably great- 
er than the mean dimensions of the incident particle and Coulomb repulsion is 
neglected, which is permissible for a sufficiently high initial energy of the in- 
cident particle as compared with the potential barrier. 

Upon collision there may occur at the potential boundary of the target nucle- 
us absorption by the nucleus of one Q-particle in the case of Be, one or two par- 
ticles in the case of C and one, two or three Q-particles in the case of 0; ac- 
cordingly, there will be formed in the emulsion a one-, two- or three-pronged Q- 
particle star. 

For carbon calculations lead to equal cross sections for pick-off of one or 
two O-particles. Our experimental results are in agreement with this inference 
within the limits of the statistical error: the number of one-pronged Q-stars (65) 
was nearly equal to the number of two-pronged stars (67) produced in the interac- 
tion of carbon ions with heavy nuclei. 

Apparently, the Q-particle model may prove useful in connection with investi- 


gation of nuclear reactions occurring in the interaction of heavy nuclei with q- 
correlated nuclei. 


Ae oral ye 
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More detailed analysis of both direct interactions and reactions with the 
formation of a compound nucleus must await the accumulation of further experi- 
mental data. 


Physical-Technical Institute, 
Academy of Sciences of the Ukrainian SSR 
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(Note: The transactions of the Tenth Conference on Nuclear Spectroscopy will 
be concluded in Vol.25, No.1). 


TRANSACTIONS OF THE FOURTH ALL-UNION CONFERENCE ON X-RAY SPECTROSCOPY 


Number 4 

Selection of crystals for x-ray spectroscopy - J.Baékovsky 369 
Nuclear x-ray generator for fluorescent analysis - K.I.Narbutt, 

R.L.Barinskii & I.S.Smirnova 372 
Instrument for x-ray spectroscopic microanalysis - A.M.Solov'ev 

& V.N.Vertsner 378 
Universal x-ray spectrograph for investigation of the chemical 

composition of microvolumes - N,.P.I1'in 382 
Development of the first automatic x-ray spectrograph in Czecho- 

slovakia - R.Rotter & M.Klapuch 386 
Reflection of x-rays from a bent crystal in the case of a micro- 

focus source - S.A.Ditsman 390 
Optimum correction of x-ray spectra for dispersive distortion 

- I.Ya.Nikiforov 394 


On allowing for apparatus distortion and the width of dispersion 
type inner levels in emission spectra - Ya.E.Genkin & I.A. 


Rumyantsev 398 
On specifying the energy of x-ray photons and the energy of 

electron levels - N.D.Borisov & V.V.Nemoshkalenko 406 
Concerning the shape of energy bands in solids - M.A.Blokhin & 

V.P.Sachenko 410 
Calculation of the charge of atoms in molecules from the K absorption 

spectra - R.L.Barinskii & E.G, Nadzhakov 419 
Determination of the charge and type of bond of osmium in compounds 

from the Lyyz absorption spectra - E.G.Nadzhakov & R.L.Barinskii 425 
On the origin of some satellites in x-ray spectra - Z.Gorak 432 
Concerning interpretation of x-ray spectra - A.T.Shuvaev 434 


Investigation of the correlation between the fine structure of x-ray 
absorption spectra and the characteristic electron energy losses 


- I.B.Borovskii & V.V.Shmidt 438 
Note on the asymmetry index of the Kg) 9 lines of transition 

elements - N.Malkovskaya ’ 442 
Investigation of the fine structure of the K x-ray spectra of some 

sulfides - I.A.Ovsyannikova & I.B.Borovskii 444 
Nature of the fine structure of the main K absorption edge of elements | 

of the iron group - I.B.Borovskii & V.A.Batyrev 449 


Influence of the nickel concentration on the structure of the 
electron energy spectrum of Fe-Cr alloys - N.D.Borisov, V.V. 


Nemoshkalenko & A.M.Fefer 451 
Fine structure of the principal K absorption edge of transition metals 

of the iron group, their alloys and compounds - S.A. Nemnonov 455 _— 
Investigation of the principal K absorption edge of nickel in 

nickel-aluminum alloys - S.A.Nemnonov & M.F.Sorokina 462 


Fluorescent L spectra of niobium in NbBg, NbC, NbN and pure niobium 


- M.I.Korsunskii & Ya.E.Genkin 467 


- 1507 - 


Relative intensities of the IBo9, 1Bj5 and Ly, lines in the L 
series spectra of substances with an unfilled N shell - M.I. 
Korsunskii & Ya.E.Genkin 

Fluorescent L series of niobium bound in some compounds 
- M.I.Korsunskii & Ya.E,Genkin 

High-temperature x-ray studies of Invar alloys - S.M.Karal'nik, 
L.G.Nikolaeva & N.N.Nefedov 

Use of the method of external standards in fluorescent x-ray 
spectroscopic analysis - N.F.Losev 


TRANSACTIONS OF THE EIGHTH CONFERENCE ON LUMINESCENCE 
(Molecular luminescence) 


Number 5 


Opening address - V.L.Levshin 

Internal conversion from the fluorescence to the phosphorescence 
level in naphthalene derivatives - V.L.Ermolaev, I.P.Kotlyar 
& K.K.Svitashev 

Luminescence of matter with arbitrary absorption and emission bands 
in volumes of finite size - A.M.Samson 

Secondary light absorption and emission processes - B.I.Stepanov 
& A,M.Samson 

Probability method of calculating absorption and emission properties 
- P.A,Apanasevich 

Spectroscopic investigation of vibrational energy transfer in 
collisions of complex molecules (Summary of report) - S.O. 
Mirumyants & B.S.Neporent 

Investigation of the temperature dependence of the interaction 
between aromatic molecules in the vapor state - V.P,Klochkov 

Temperature dependence of the fluorescence efficiency of complex 
molecule vapors - N.A.Borisevich & V.A. Tolkachev 

Angular distribution of resonance radiation from vapors - P.A. 
Apanasevich & G.S.Kruglik 

On agreement between the classical and quantum theories of the 
interaction of light with harmonic oscillators - V.P.Gribkovskii 
& B.I.Stepanov 

Nonlinear optical effects in a system of particles with three energy 
levels - B.I.Stepanov & V.P.Gribovskii 

Calculation of the probability of electronic-vibrational transitions 
for an anharmonic oscillator - K.K.Rebane & O.I.Sil'd 

Electronic spectra of anthraquinone vapors ~ N.A.Borisevich & V.V. 
Gruzinskii 

Luminescence of anthracene solid solutions - V.L.Broude & V.S.Medvedev 

Luminescence of crystalline naphthalene containing minor impurities 
- M.T.Shpak & E.F.Sheka 

Concerning the luminescence and photoconductivity of anthracene 
crystals - A.N.Faidysh 

Effect of B-radiation on the photoluminescence of molecular crystals 

: - Sh.D.Khan-Magometova, N.D. Zhevandrov & V.I.Gribkov 

On the possible role of temperature quenching in scintillation of 

organic substances — I.M,Rozman | 

Effect of temperature on the electronic spectra or complex molecules 
in solutions - L.G.Pikulik 


495 


499 


503 


509 


516 


921 


523 


527 


531 


535 


540 


545 


551 
555 


559 


562 


567 


573 


578 


- 1508 - 


Influence of some fluorescence quenchers on the quantum efficiency 
of photochemical conversion of 9-methylanthracene and 9-methyl- 
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Ionic Collisions - L.A.Sena & G.F.Drukarev 
Methods of calculating the cross sections for excitation of 
atoms by electrons - L.A.Vainshtein & I.I.Sobel'man 
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